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ABSTRACT 


Tensile, fracture toughness (K 1( ,)# threshold stress intensity for 
sustained- load crack growth (K^p, and cyclic and sustained load crack 
growth rate measurements were performed on a number of alloys in high- 
pressure hydrogen and helium environments. Tho results of tensile tests 
performed in 34.5 MN/m (5000 psi) hydrogen indicated that Inconel 625 
was considerable embrittled at ambient temperature but was not embrittled 
at 144 K (-200 F) . The tensile properties of AISI 321 stainless steel 
were slightly reduced at ambient temperature and 144 K (-200 V) . The 
tensile properties of Ti-5Al-2.5 Sn ELI were essentially unaffected by 
hydrogen at 144 K (-200 F) . OFHC copper was not embrittled by hydrogen 
at ambient temperature or at 144 K (-200 F) , 


Threshold stress intensity (K^) measurements were performed on Inconel 

718 (in two heat treatment conditions), Inconel 625, AISI 321 stainless 

steel, A-286 stainless steel, T1-5A1-2.5 Sn ELI, 2219-T87 A1 alloy, and 

OFHC copper. The tests were performed at ambient temperature and 144 K 

2 

(-200 F) in 34.5 MN/m (5000 psi) hydrogen and helium environments and 
were monitored by acoustic emission. Sustained load, hydrogen- induced 
crack growth occurred in Inconel 718, Ti-5Al-2.5 Sn ELI and in A-286 
stainless steel. No influence of hydrogen was noted on crack propaga- 
tion in 2219-T87 aluminum and in OFHC copper. The acoustic emission 
data indicated that crack growth occurred discontinuously and at irreg- 
ular time intervals. 


2 

Embrittlement of notched Inconel 718 tensile specimens by 34.5 MN/m 
(5000 psi) hydrogen at ambient temperature was found to vary consider- 
ably with condition. Reduction of notch tensile properties was least 
for Inconel 718 with a very fine grain size, moderate for a coarse- 
grained material after a 1325, 1033-922 K (1925, 1400-1200 F) heat 
treatment and most severe for a coarse-grained material after a 1214, 
991-894 K (1725, 1325-1150 F) heat treatment. Embrittlement appeared 
to correlate with grain size and the presence of a nearly continuous 
precipitate identified as Ni^Cb. The weld metal and the heat-affected 


zone of Inconel 718 welds were more embrittled by hydrogen than was the 
parent metal. Fracture mechanics tests gave K,^, values for coarse- 
grained Inconel 718 in 84. 5 MN/m 2 (5000 psi) hydrogen at ambient temper- 
atures of approximately 14 MN/m 2 t^m (13 ksl /TrCT) for the 1214, 991-804 
K (1725, 1325-1150 ;•') heat treatment condition; and 42 MN/m 2 An (38 ksi 
/fnT) for the 1325, 1033-922 K (1925, 1400-1200 F) heat, treatment 
condition. 


K„.j j for sustained load crack growth in Inconel 718 exposed to hydrogen 
was apparently independent of temperature between ambient and 200 K 
(-100 F). The cyclic crack growth rate in Inconel 718 increased with 
increasing hydrogen pressure, and was a complex function of cyclic rate. 
The influence of hydrogen on the cyclic crack growth rate of Inconel 718 
decreased appreciably from ambient to 200 K (-100 F) . 

The ambient temperature cyclic crack growth rates in HY10Q and ASTM 
A-533-B steels were approximately 20 times greater in hydrogen than in 
helium over a wide range of stress intensities at pressures of SI. 7 
MN/m 2 (7500 psi) for HY100 and 103.4 MN/m 2 (15,000 psi) for ASTM 
A-533-B. Hydrogen- induced, sustained load crack growth in ASTM A-533-B 
was restricted to the inner plane strain region of the specimen. 


lCp H was measured as a function of hydrogen pressure for AISI 4340 steel 
and Inconel 718 to determine whether hydrogen-environment embrittlement 
is caused by adsorbed or absorbed hydrogen. K™. was proportional to 


p 0.076 f or aisi 4340 for hydrogen pressures between 0.034 MN/m 
H 2 o 

and 34.5 MN/nr (5000 psi) 


(5 psia) 

The Inconel 718 results irdicate that K T(J 

decreased approximately as /PhT at hydrogen pressures less than 21 MN/m 2 

* 2 
(3000 psi) and was independent of hydrogen pressure above 21 MN/nr 

(3000 psi). The crack growth rate in Inconel 718 was slow when exposed 
to hydrogen at the lower hydrogen pressures, and it appeared from extra- 
polation of the crack growth rate data that the stress intensity at 
crack arrest may be independent of hydrogen pressure. The small effect 
of hydrogen pressure on of both alloys indicates that hydrogen- 
environment embrittlement results from a hydrogen adsorption dependency 
mechanism. 
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NOMENCLATURE AND UNITS ())•' MEASUREMENTS 


a 

B 


C 


COD 


* crack length, Inch 
« specimen thickness, inch 
« net specimen thickness, inch 
« compliance, in. /lb 
<= crack opening displacement, inch 


i: 


K 


K 


IC 


V 

max 


Sh 

N 


P 

P. 


max 


R SC 

T 

W 

M 


°YS 

^nominal 


« Young’s modulus, psi 
« stress intensity, ksl^/in. 

a plane strain critical stress intensity factor or plane strain 
fracture toughness, ksi\^n. 

= maximum stress intensity reached prior to specimen failure, 
ksi \/in. 

» conditional value of fracture toughness from test data, ksi Vin. 
= plane strain threshold stress intensity, ksi /xn7 

- number of cycles or total number of surface sites available for 
gas adsorption 

= applied load, pounds 

- maximum applied load obtained prior to specimen failure, pounds 
= ratio of minimum to maximum stress during a cycle 

» ratio of nominal stress at K max to yield strength 
= time, hours or minutes 

- specimen dimension, inch 
*= Poisson's ratio 

> uniaxial tensile yield strength of the material, psi 
*» nominal stress in compact tension-type specimens, psi 
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INTRODUCTION 


V. 


Advanced, high-performance rocket engines for the propulsion of space vehicles 
use high-pressure hydrogen and oxygon as propellants and, in one instance, ll><‘ 
Space Shuttle main engine (SSMli), the hydrogen pressures will he higher than in 
any previous production engine. It has been shown (Ref. 1 through 11) that high- 
pressure hydrogen cun seriously degrade the mechanical properties of many of the 
commonly used engineering alloys, particularly the higher- strength alloys. How 
ever, data are lacking on the effects of high-pressure hydrogen on specific candi- 
date materials, at appropriate temperatures and pressures, and on certain prop- 
erties such as fracture mechanics properties. Thus, this program was conducted 
to develop information on the mechanical properties of candidate structural alloys 
in high-pressure hydrogen under simulated operating conditions to assist in the 
selection of alloys and to provide design data and safe operating parameters for 
rocket engine components and test facilities. In addition, one phase was con- 
ducted at the request of the Naval Ship Research and Development Center to provide 
data relative to high-pressure hydrogen storage bottles for deep- submergence 
vessels. 

The program was divided into eight phases which are outlined below. Throughout 
this report, the phases have been ordered for logical development and are not in 
chronological order. 

PHASE I. TENSILE PROPERTIES OF ALLOYS IN 
HYDROGEN ENVIRONMENTS 

Candidate materials for regions exposed to high-pressure hydrogen in the SSME in- 
cluded Inconel 62S, AISI 321 stainless steel, Ti-SAl~2.5Sn ELI and OFHC copper 
(or copper alloy). On the basis of previous work (Ref. 1 and 4), Ti-5Al-2.5Sn 
ELI was categorized as severely embrittled and AISI 321 stainless steel as 
slightly embrittled by 68.9 MN/m 2 (10,000 psi) hydrogen at ambient temperature. 
Inconel 625, being a nickel-base alloy, was expected to be embrittled when 
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exposed to high-pressure hydrogen environments. Water and Chandler (Ref. i and 
4) found that 01‘IIC copper was not embrittled by exposure to 10,000 psi hydrogen, 
but Investigations by Vennett and Ansell (Ref. 11) Indicated some reduction of 
ductility of unnotched specimens of DRUG copper in 68.9 MN/m 2 (10 ,000 psi ) hydro 
gen at ambient temperature. 

In this phase, the effect of 34.5 MN/m 2 (5000 psi) hydrogen on the tensile prop 
ortios of the alloys listed above was determined at ambient temperature and 144 K 
(-200 I ’)- 

PHASIi II. THRESHOLD STRESS INTENSITIES OF ALLOYS 
IN HYDROGEN ENVIRONMENTS 

At the initiation of this program, almost no data existed on the effect of high- 
pressure hydrogen environments on fracture mechanics properties. The effect of 
34.5 MN/m 2 (5000 psi) hydrogen at ambient temperature and 144 K (-200 F) on the 
threshold stress intensity was determined for the alloys listed in Phase I and, 
in addition, the 2219-T87 aluminum alloy. 

PHASE III. ACOUSTIC EMISSION FOR MONITORING 
CRACK GROWTH IN HYDROGEN 

An acoustic emission technique was developed for monitoring crack growth in 
threshold stress intensity tests in gaseous hydrogen environments. 

PH/ IV. VARIATION OF HYDROGEN- ENVIRONMENT EMBRITTLEMENT 
WITH MATERIAL CONDITION FOR INCONEL 718 

Inconel 718 has many attractive properties and is being designed extensively into 
the SSME. In previous work (Ref. 1 and 4), it was found to be extremely em- 
brittled by high-pressure hydrogen. However, the degree of embrittlement was 
found (Ref. 10) to vary significantly with the heat treatment and/or heat of 
Inconel 718 tested. Also, few data (Ref. 9) were available on the hydrogen- 
environment embrittlement of Inconel 718 weldments. 
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Tensile tests on notched specimens were used to determine the effect of material 
form (i.e., plate, bar, or forging), heat treatment, and welding on the hydrogen 
environment embrittlement of Inconel 718 in 34.5 MN/m 2 (5000 psi) hydrogen at 
ambient temperature. 

PI IASI! V. FRACTURE CHARACTERISTICS OF INCONEL 718 IN 
HYDROGEN AS A FUNCTION OF T-ST VARIABLES 

The effect of hydrogen environments on the fracture mechanics properties of 
Inconel 718 was determined for hydrogen pressures from 0.0689 MN/m 2 (10 psi) to 
68.9 MN/m 2 (10,000 psi) at ambient temperature and 200 K (-100 F) . 

PHASE VI. FRACTURE MECHANICS PROPERTIES OF PRESSURE 
VESSEL STEEL IN HIGH-PRESSURE HYDROGEN 

The SSME test facility at Rocketdyne requires the storage of hydrogen at pressures 
near 103.4 MN/m 2 (15,000 psi). The available storage vessels were constructed of 
ASTM A-533-B (previously designated A-302-B Ni modified), a low-alloy steel that 
had been found previously (Ref. 4) to be considerably embrittled by 68,9 Mn/m 2 
(10,000 psi) hydrogen. To provide additional information on the storage of hydro- 
gen in these vessels, tests were performed to determine the effect of 103.4 MN/m 2 
(15,000 psi) hydrogen on tensile properties, fracture toughness (Kj c ) , threshold 
stress intensity (K^h), and cyclic flaw growth rates (da/dN vs Kj^) for the ASTM 
A-533-B steel. 

PHASE VII. CYCLIC CRACK GROWTH IN HY100 STEEL IN 
HIGH-PRESSURE HYDROGEN 

The effect of 51.7 MN/m 2 (7500 psi) hydrogen on cyclic crack growth rates in 
HY100 steel was determined to provide data pertinent to the use of that steel in 
high-pressure hydrogen storage bottles on naval deep- submergence vessels. 
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PHASU VIII. MKCHANISM OF HYDROGEN- KNV I RONMENT 
EMBRITTLEMENT 


I'he mechanism by which hydrogen environments embrittle metals has not boon os 
tablishod, although several have been postulated (Ref. 12). To clarify the 
mechanism of hydrogen-environment embrittlement, measurements were made of 
equilibrium crack extension (crack arrest) as a function of hydrogen pressure 
for Inconel 718 and ASTM 4340 steel. 
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EXPERIMENTAL PROCEDURES 


MATERIALS 

The chemical compositions, heat treatments, and mechanical properties of the test 
materials in the as-received conditions are listed in Tables 1 through 3, re- 
spectively. The Inconel 718 was purchased in four forms from the suppliers listed 
in Table 4. The Inconel 718 and AISI 4340 were further heat treated at Rocketdyno, 
and these heat treatments are listed in Table S. The mechanical properties of 
the Inconel 718 materials in the various heat treatment conditions are listed in 
Table 6. 

The hardness of the AISI 4340 material after heat treatment was Rockwell C 47, 
which corresponds to a yield strength of approximately 1380 MN/m^ (200 ksi). 

Inconel 718 weldments were made using the 0.013 m (1/2 inch) thick plate with a 
joint design shown in Fig. 1. The weldments were made by gas tungsten arc weld- 
ing with Inconel 718 filler metal, and with the weld perpendicular to the plate 
rolling direction. After each weld pass, the weld was die penetrant inspected 
and, after the weldments were completed, the welded plates were X-rayed. No 
defects were found during these Inspections. 

TENSILE PROPERTY MEASUREMENTS 


The tensile specimens were fabricated with the longitudinal axis parallel to the 
materials longitudinal rolling direction. The test specimens were 0.0077 m 
(0.306 in.) in diameter, 0.23 m (9 in.) long, were threaded on each end, and had 
a 16-rms surface finish. For the unnotched specimens, a 0.032 m fl.25 in.) long, 
0.0064 m (0.2S in.) diameter gage section was used. The notched specimens had a 
60 degree V-notch at the midpoint, with a specimen diameter at the root of the 
notch of 0.0038 m (0.150 in.). A root radius of 2.4 x 10~ r ’ m (0.00095 in.) was 
used to obtain an elastic stress concentration factor (K t ) of approximately 8.4. 
The stress concentration factor was calculated according to Peterson (Ref. 13). 
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TABLE 1. CHEMICAL COMPOSITION (WEIGHT PERCENT) OF TEST MATERIALS 

(SUPPLIER CERTIFICATION) 



TABLE 2. HEAT 


I 


*■ 

*: 


v. 

l’ 


sv. 

y r 



Material 


Inconel 718 

0.052 X 0.07 m (1-1/4 x 2-3/4 In.) 
Rolled Bur 

0.038 m (1-1/2 in.) Forging 
0.013 m (1/2 In.) Plate 
0.041 nt (1 S/8 in.) Forging 


Inconel 625 

0.032 x 0.07 m (1-1/4 x 2-3/4 in.) 
Rolled Bar 

A- 286 Stainless Steel 
0.032 m (1-1/4 in.) Plate 

A1S1 321 Stalnltaa Steel 
0.032 (1-1/4 in.) Plate 

Ti-SAl-2.5 Sn Ell 
0.032 m (1-1/4 in.) Plate 

2219-T87 A1 Alloy 
0.032 m (1-1/4 in.) Plate 

OPHS Copper 

0.032 tii (1-1/4 in.) Plate 
ASTM A-533-B 

0.089 nt (3 1/2 in.) Plate 
AISI 4340 

0.038 m (1 1/2 in.) Plate 
HY-100 

0.038 nt (1 1/2 in.) Plate 


OP MATERIALS AS RECEIVED 


Heat Treatment 


1228 K (1750 F), 3.6 kaec (1 hour), air cooled 


1228 K (1750 P), 3.6 ksec (1 hour), air cooled 
1228 K (1750 F), 1.8 kaec (1/2 hour), spray quenched 

1228 K (17S0 F), 3.6 kaec (1 hour) air cooled; 991 K (132S I), 
28.8 kaec (8 hours), furnaced cooled at o.ol K/sec (7$ P/hr); 
to 894 K (1150 P) and held at 894 K (1150 P) for 28.8 kse^ 

(8 houra)air cooled 


1200 K (1700 F), 3.6 kaec (1 hour), air cooled 


Solution treated 1255 K (1800 F), 3.6 ksec (1 hour), oil cooled, 
aged 991 K (1325 K), S7.6 ksec (16 hours), air cooled 


Hot rolled, annealed, and descaled 


Final anneal cycle 978 K (1300 F) - 1033 K (1400 F), 7.2 to 
28.8 kaec (2 to 8 hours), air cooled 


Solution annealed 808 K (995 F), cold water quench, approx 
imately 8 percent cold work, age B6.4 ksec (24 hours) at 
436 K (325 F), 


J 

i 




i 




Annealed 


1172 K (1650 F), 10.8 ksec (3 hours) wator quenched 
936 K (1225 F), 18.0 kaec (5 hours) air cooled 
866 K (1100 F), 12.6 kaec (3-1/2 hours), air cooled 


Not Supplied 


Not Supplied 




TABLE 3. MECHANICAL PROPERTIES OF TEST MATERIALS AS-RECEIVED 

(SUPPLIER CERTIFICATION) 














TABLE 4. SUPPLIERS OF INCONEL 718 TEST MATERIALS 









































TABLE 6. TENSILE PROPERTIES OF HEAT TREATED UNNOTCHED INCONEL 718 SPECIMENS 
TESTED IN AIR AT 0.1 MN/* 2 (1- ATMOSPHERE PRESSURE) 
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^Reduced section 0.017 ■ (0.65 in.) long 











(0.050 0.010 in.) 


Figure 1. Weld Design for Gas Tungsten Arc Welding of Inconel 718 
With Inconel 718 Filler Metal 



Notched welded specimens were fabricated with the longitudinal specimen axis 
parallal to tha rolling direction and with the notches located in either the weld 
or in the heat-affected tone. In addition, the unnotched tensile properties of 
the Inconel 718 weldments were determined in air. The reduced sections of these 
specimens were 0.016 m (0.65 in.) long bridging the approximately 0.006 m (1/4 In.) 
long weldment. 

The apparatus used for performing the tonsile tests has been descrlbod elsewhere 
(Ref. 4). Briefly, the tensile specimens were enclosed in a small pressure vessel 
with the ends of the specimens extending outside the vessel through sliding seals. 
The load was applied to the specimen by a hydraulic ram. The unnotched specimens 
were crosshead paced at 2.1 x 10 -<3 m/sec (0.005 in. /min). Notched specimens were 
load paced at a loading rate that corresponds to 1.2 x 10~ 5 /sec (0.0007/min) 
strain rate. 

Tests with this apparatus were conducted at ambient and cryogenic temperatures. 

For the cryogenic tests, the pressure vessel was surrounded by a dewar filled 
with cold nitrogen. The nitrogen was cooled by passing through copper coils im- 
mersed in liquid nitrogen, and was fed into the dewar at a rate sufficient to 
maintain the desired specimen temperature. 

Calculation of the actual tensile load for test specimens required that the 
friction from the sliding seals and the tensile load from the high-pressure gas 
be considered. The following equation was used t.o calculate the ultimate load 
of the unnotched specimens: 

Ultimate Load * Applied Load - Friction ♦ Pressure 

x (Specimen Area at Sliding Seal - (1) 

Specimen Area Prior to Necking) 

The maximum combined tensile load was assumed to occur prior to necking. For 
notched specimens, the original area at the base of the notch was used in place 
of the "area prior to necking" in the above equation. 
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The percent elongation of the unnotchad ipacimana was maasured batwaan punch marks 
plaead 0.0509 m (2 in.) apart outsida and bridging tha raducad section. The re- 
duction of area of notched specimens was determined by using an optical compara- 
tor to measure the cross section in the notch before and after testing. 

FRACTURE MECHANICS PROPERTIES MEASUREMENTS WITH 
COMPACT TENSION SPECIMENS 

and ICp H measurements were performed on 0.0254 m Cl in.) thick compact tension 
specimens designed according to ASTM specifications (Ref. 14) and shown In Fig. 2. 
The tests were performed and the data analyzed in accordance with ASTM E399-72. 

The ASTM equation is 



where 

K ■ stress intensity, psi v^- 
P ■ applied load, pounds 
B - specimen thickness, inch 
W > specimen width, inch 
a ■ crack length, inch 

The specimens were loaded to a maximum "failure*' load which occurred when further 
increase of ram travel resulted in reduction of applied load. 

ASTM E399 requires that the strength ratio R gc be computed for tests that do not 
meet the plane strain fracture toughness requirements. The strength ratio is the 
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ratio of the nominal atrei* at K mftX to the material* yield strength, and can be 
used as a guide for estimating the relative fracture toughness of the material. 


R „ 2 P rc» x (3) 

sc °YS B(W-ar 

After the maximum load was reached, each specimen was held under crack opening 
displacement (COD) control and the crack was allowed to propagate until arrested. 

The crack extension at crack arrest generally exceeded the 0.45 to 0.55 a/W range 
of the ASTM equation (Eq. 2). A compact tension specimen compliance calibration 
was performed at the Rockwell International Space Division, and the equations 
derived are accurate along the entire specimen length. Thus, the Space Division 
compliance calibration was used for calculating the stress intensities at K final. 
Equation 4 is the Space Division load line compliance equation. Equation 5 is the 
crack mouth compliance equation, and it was used for predicting crack lengths 
from crack mouth compliance measurements performed during the tests. 

In CEB « -0.08044612 ♦ 17.91260 (j) -54.91' 

+116.1447 (|) 3 -125.0872 +55.96971 (§) 

In CEB - 2.250949 + 4.680582 (j) -15. 97384 

j 4 5 

+57.2322 (j) -81.13585 (j) +43.08261 (J) 



where 

C « compliance • ^ 

B - Young's modulus, psi 
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The strais intimity wu obtained by differentiating tha complianca with crack 
langth in accordance with the Irwin-Kies ralationahlp for plane strain conditions 
(Eq. 6). 



where 

U ■ Poison's ratio 

Thus, a numerical differentiation of Eq. 4 was performed for each stress intensity 
measurement . 


Linear elastic fracture mechanics assumes that gross yielding is not taking place. 
Recently, Vroman et al. (Ref. IS) derived an equation (Eq. 7) that can be used to 
qualitatively predict gross yielding in front of a crack in compact tension and 
wedge open loaded (WOL) specimens. Equation 7 was derived on the basis of two 
beams pivoting around the centroid of the material remaining ahead of the crack. 


°nominal 



1 + 3 



(7) 


Gross yielding ahead of the crack is assumed when o noininal is greater than a leld . 

Equation 7 was computed for all stress intensity measurements made on compact 
tension and WOL specimens and the nominal stress (0 noril £ nR i) value obtained was 
compared to the materials' yield strength to determine whether gross yielding had 
occurred. As would be expected, the computed a nom 4 nft i/°yi # id values were virtu- 
ally the same as Rg C computed from Eq. 3. 
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FRACTURE MECHANICS PROPERTIES MEASUREMENTS WITH 
WOL SPECIMENS 


Wedge open loaded (WOL) specimens were used principal lx for performing measure- 
ments of threshold stress intensity in high-pressure hydrogen and helium. 


Figure 3 shows the WOL specimen used for these measurements. The design follows 
that of Novak and Rolfe (Ref. 16) and their experimentally determined stress in- 
tensity equation for this specimen design is given below: 


K » P C - ? . W , ksi ✓nr 

where 

P * applied load, kip 

<=,($) ■ J0 ' 96 (?) - 195 ' 8 (?) 2 * 730 - 6 (?f - 1186 ' 3 (?/ * 754 - 6 (?)' 

a ■ measured crack length, in. 

w * specimen dimension, in. (2.55 in., 0.065 m) 

B ■ specimen thickness, in. (1 in., 0.0254 m) 

B n * net specimen thickness, in. (0.90 in., 0.0223 m) 


The measured crack length was determined from the following relationship: 


a * 


+ a 5 + 2 (ft 2 + a 3 * V 
§ 


0 ) 


where 


-4 

a. and a. » crack length measured at points 3.8 x 10 m (0.015 in.) 

1 5 in from the face notches along the two sides. The inter- 

section of the crack at the face notches was difficult to 
accurately determine and thus a distance slightly in from 
the sides was chosen. 


a 3 « crack length at the center thickness 

a 2 - crack length midway between a^ and a^ 

a 4 « crack length midway between a 3 and as 
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Crick lengths were alio determined on ill of tht specimens from the compllince it 
the beginning of the teit (initiil crick length) end it the end of the teet (finil 
crick length). The compliance vereu* crick length relationship (Eq. 10) wi« ob- 
tiined by Novik end Rolfe (Ref. 16) for the side-grooved specimen shown in Pig. 3. 



where 

v ■ crick opening displicement at knife edge groove 0.0155 m (0.6 in.) 
from the loid center line 

P ■ load, pounds 

E ■ Young's modulus, psi 

The displicement gige cilibntion was made at the knife edge, 0.0165 m (0.65 in.), 
from the load centerline rather thin at the knife-edge groove 0.0155 m (0.6 in.) 
from the load centerline is used by Novak and Rolfe for deriving Eq. 10. For pre- 
dicting crack lengths, v/P in Eq. 10 was increased by (0.6S + a)/ (0.60 + a). 

The method selected for measuring was patterned after one developed by Novak 
and Rolfe (Ref. 16). The technique involves maintaining a constant crack opening 
displacement and allowing the load, and thus the stress intensity, to decrease as 
the crack extends. The test apparatus for performing these measurements will be 
described in a subsequent section. 

The load and COD were monitored during the threshold stress intensity measurements 
and, therefore, K^-type measurements were also obtainable. The ^ measurements 
were performed during the period ASTM E399-70T (Ref. 17) for plane-strain fracture 
toughness measurements was in effect. For most of the measurements, the 
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ipacinums war# loaded to somewhat abova tha S-parcant Meant offset, but ware 
rarely loadad to tha failure load, aa required for obtaining valid K IC data In 
tha subaequent ASTW standard B399-72 (Ref, 14). Tha atraaa intensity at tha 5- 
parcant sacant offset (Kq) was designated Kj C according to B399-70T if the 
E399-70T plana strain requirements ware mat. 

Tha S-percent sacant intercept corresponds to 1.7- to 2.4-percent increase of crack 
length in the ASTM standard compact tension (CT) and bend specimen design, For 
the WOL specimen (Fig. 3), the 5-percent secant intercept corresponds to about 
2.8-percent increase of crack length. Thus, the resulting K IC stress intensity 
measured by the 5-percent secant offset on WOL specimens would be slightly higher 
than the stress intensity measured on CT specimens using the 5-percent secant 
intercept method, but the difference would not be significant. 

FRACTURE MECHANICS PROPERTIES MEASUREMENTS WITH 
TAPERED DOUBLE CANTILEVER BEAM (TDCB) SPECIMEN 

Nearly all of the cyclic load crack growth measurements and many of the Phase VIII 
crack arrest measurements were performed with (TDCB) specimens. The particular ad- 
vantage of this specimen is that, over a considerable portion of the specimen, 
the applied stress intensity is virtually independent of crack length, and de- 
pendent only on the applied load. Thus, for cyclic load crack growth measure- 
ments, the specimen can be load-cycled at a constant stress intensity for a suf- 
ficient distance to accurately establish the cyclic load crack growth rate at 
that stress intensity. The TDCB specimen design also is advantageous for crack 
arrest-type measurements. This is because the stress intensity decreases 
considerably more rapidly during crack extension at constant COD than it does 
with the compact tension or WOL specimens in which K increases with crack length 
for a given load. 

The TDCB test specimen design is shown in Fig. 4. Mostovoy et al. (Ref. 18) 
designed the specimen and showed that the compliance was linear (constant K) for 
crack lengths of approximately 0.0254 m (1.0 in.) to 0.0762 m (3.0 in.). Since 
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Figure 4. Tapered Double Cantilever Beau Specimen Design 


Mostovoy et al. performed thalr tasts on an aluminum alloy, it was daamad deslre- 
abla to perform a complianca calibration on ona of tha materials tasted in this 
program. 

Tha compliance calibration was performed (Ref. 19) at Rockwall International's 
Space Division on an HY1G0 TDCB specimen. The specimen was tension-tension cyclic 
loaded (R ■ 0.1) to extend the crack. Cycles with a maximum load of 17,300 newtons 
(4000 pounds) were applied for 20,000 cycles to extend the crack, and the maximum 
cyclic load was then reduced to 10,700 newtons (2400 pounds) for 20,000 cycles to 
produce a visible marker band to delineate the crack position. The compliance 
measurements were then performed before and after marking. This procers of grow- 
ing, marking, and making compliance measurements was continued for the length of 
the specimen. At each change of cyclic load, a test record of the load versus 
COD was made at the load centerline and at knife edges 12.7 mm (0.50 in,) 
from the load centerline. After the specimen was broken, the crack length (a) 
to each marker band was measured. This crack length was matched to its appropri- 
ate load versus COD record and a plot of (a) versus B (COD/load), where B is the 
specimen thickness, was generated. These data were then put into a Hewlett 
Packard Model 9100 programmable calculator with plotter which, with a regression 
analysis program, determined the best fit polynominal equations for the data 
points. Equations were derived relating: (1) compliance to crack length, and 

(2) load and crack length to stress intensity. 

Figures 5 and 6 show the results of the compliance calibrations performed on the 
TDCB HY100 specimen Included in Fig. 5 and 6 are the data point plots, best fit 
curves, and the equation for these curves. The variables in the equations are: 

X ■ a and Y • B 

where 

B ■ specimen thickness, inch 

COD ■ crack oponing displacement, microinches 

P • load, pounds 

a * crack length from load centerline, inch 


-0.26270 + 1 . 6 h 68 x (FOR a < .0635» (2.5 



Figure 5. Compliance at the Load Centerline Versus Crack Length for an HY100 TDCB Specimen 






Stress intimity equations wart derived from thi compliance data at the load 
cintirlini. Th* atraaa intimity it ind»p«ndint of crack length for crack 
lengths between 0.0254 m ( 1 in.) and 0.0635 m (2.5 in.). Tho following are the 
stress intensity equations. 

K « P v fa* 1 °^ X V M 6 . 8 * . 1 . 0 i for 0.0254 m (1,0 in.) £ a £ 

V 2 B-B n (1-M 2 ) 0.0635 m (2.5 in.) 

(H) 


. r ^ / 30xl0 6 (1.1215*1. S6S8a-1.3a 2 »0. 32a 3 ) 10" 6 {QT 

V 2-B B n (1-y 2 ) 


( 12 ) 


a > 0.0635 m (2.5 in.) 


where 

K « stress intensity, psi^In. 

P « load, pounds 

B • Specimen thickness, inch 

B n ■ Net specimen thickness at bottom of side grooves, inch 

a > crack length, inch 

U • Poison's ratio 

Modulus of elasticity of 30 x IQ 6 was assumed for HY100 steel, and the same 
modulus was assumed for calculating the stress intensities for Inconel 718 
specimens. These results, when normalized to specimen thickness and modulus, 
compare closely with those obtained by Mostovoy and co-workers (Ref, 16) for 
specimens fabricated from an aluminum alloy. 

The compliance calibrations also were performed at the specimen mouth (Pig. 6), 
and the crack length as a function of specimen mouth compliance is given in 
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Bq . 13. Equation 13 was uaad to calculate tht crack langth during the cyclic and 
auatalnad load crack growth measurements. 

a » >25991 +Q.53625Y ♦ 0.045350Y 2 -0.00903253Y 3 ♦Q.0QQ301290Y 4 MS) 


Tha cyclic load crack growth rata measurements were performed at 1 cycle/sec at: u 
load amplitude of R ■ Minimum Load/Maximum Load ■ 0.1. Several data points were 
usually obtained at each stress intensity, and only the average values of the 
cyclic crack growth rates were plotted. 

The sustained load measurements were performed by loading the specimen to a 
stress intensity above and allowing the crack to propagate while holding the 
COD constant. 

Test Apparatus Used for Performing Fracture 
Mechanics Measurements 


Two test vessels were used for performing the fracture mechanics measurements. 

One vessel is 0.15 m (6 in.) in diameter and 0.41 m (16 in.) long. The vessel is 
rated at 103.4 MN/m 2 (15.000 psi). and is designed for ambient-temperature service 
only. For the fracture mechanics tests, the vessel contained the specimen, load- 
ing grips or clevis, load cell, and displacement transducer as is shown schemati- 
cally in Fig. 7. The specimens were loaded by means of a 290, 0C0 newton (65,000 
pound) loading ram that extended into the side (top of the picture) of the vessel 
through sliding seals. The electrohydraulic loading column was controlled from 
the load cell signal for the K 1C and cyclic load crack growth rate measurements, 
and from the signal from the COD transducer for the measurements. 

The second vessel is of 0.15 m (6 in.) diameter and 0.25 m (10 in.) long, and Is 
rated at 41.3 MN/m 2 (6000 psi) at ambient and cryogenic temperatures. This 
vessel was used for performing measurements at ambient and cryogenic tempera- 
tures on WOL specimens, and cyclic load crack extension measurements at cryogenic 
temperatures on WOL specimens. The vessel is shown in Fig. 8 . 
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Vessel Used for Performing Fracture Mechanics Tests on Compact Tension, 
MOL, and TDCB Specimens in Ambient -Temperature Environments at Pressures 
up to 103.4 MH/m 2 (15,000 psi) 




RAM, A-286 


SEAL ASSEMBLY- 


COOLING OUTLET. 


EXTENSION TUBE, A-286 


GAS INLET/VENT' 



COOLING INLET 


•ELECTRICAL FEEDTHROUGH 
(6 LEADS) 

THERMOCOUPLE 

(3 COUPLES) 


BODY, A-286 


0.254 m 

(10 In.) 


0.0254 m 
(I IN.) 


SEAL RING, 316 SS 


0.152 m 

(6 In.) 


COVER, A-286* 


STUDS AND NUT, A-286 
SILVER-PLATED 


Figure 8. Pressure Vessel Used to Perform Tests on Modified 
WOL Specimens in High Pressure Hydrogen 


A special loading column wit developed for performing the ^ measurements in 
high-preeeure environments, and the loading apparatus is shown schematically in 
Fig. 9 . A load was exerted on the specimen by rotating the torque shaft that 
extends through a sliding seal located above the vessel. By rotating the loading 
ram, a compressive force was exerted across the load cells, and this force in 
turn acts as a tension load across the specimen. The specimen was held from turn- 
ing by the two bolts at the bottom of the apparatus. When the vessel is pressur- 
ized, the pressure acts to push the loading ram through the sliding seals out of 
the vessel. To ensure that this pressure load was not transmitted to the speci- 
men, the loading ram was held in place by means oC a spacer located between the 
torque shaft coupler and the inside vessel top. The two bolts at the bottom of 
the vessel were loosened so that the spacer takes the entire pressure load. 

The displacement was monitored during the test by means of NASA-type clip-on gage 
positioned on the specimen in the usual manner. 

During the latter part of the program, the loading column was modified to in- 
crease its stiffness and \ hus increase the rate of stress intensity decrease with 
increasing crack length. The modification consisted basically of inverting the 
test specimen to essentially eliminate the stub shaft and increase the size of 
the loading bridge. 

The specimens were loaded hydraulically for the cryogenic-temperature, cyclic 
load, crack growth measurements. For these tests, the spacer coupler and stub 
shaft were removed and the torque shaft was screwed directly into the specimen. 

An adapter was placed between the loading bridge and the top of the vessel so 
that a compression load was exerted across the dual load cells while the specimen 
was loaded in tension. The vessel was placed in a test frame and the torque shaft 
was connected to the hydraulic cylinder. 

Tests were performed at ambient temperature and at temperatures as low as 144 K 
(-200 F). For the cryogenic tests, heat exchanger openings were machined into 
the pressure vessel, and a heat exchanger in the form of a coil w~s installed 
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around the inside wall of tha vessel. Liquid nitrogan waa circulated through the 
heat exchanger on demand from a temperature controller that regulates the LN 2 
flow through a solenoid valve. The pressure vessel was also surrounded by a 
dewar filled with cold GN 2 and the temperature maintained in the dewar by inflow 
of LN 2 controlled by means of a temperature controller. 

There were three thermocouples inside the vessel. One of the thermocouples was 
located at the inside vessel wall, and its signal was sensed by the temperature 
controller controlling the LN 2 flow through the heat exchanger inside the vessel. 
The other two thermocouples were used to measure and record the test temperature. 
A thermocouple, spot welded to the outside vessel wall, was used for controlling 
the temperature in the dewar surrounding the pressure vessel. The temperature 
was controlled within ±5.5 K (10 F) during the cryogenic-temperature tests. Dur- 
ing most of the test period, the temperature deviation was, however, considerably 
less than 5.5 K (10 F). 

TEST ENVIRONMENT 

Considerable care was taken that the hydrogen test environment for the tensile 
and fracture mechanics measurements was of high purity. High-purity bottled 
hydrogen was further purified by passing through an Engelhard DeOxo unit, BaO 
desiccant, and a mixture of activated charcoal and activated alumina maintained 
at boiling nitrogen temperature. The hydrogen was then pressurized by means of a 
diaphragm compressor or a nonlubricated air-driven compressor encased in a box 
purged with argon. The hydrogen was then further purified by passing through a 
vessel containing activated charcoal and a molecular sieve, while the vessel was 
maintained at boiling nitrogen temperature. 

Purity of the purified, high-pressure hydrogen was analyzed to be <0.9 ppm N 2 , 
-0.2 ppm 0 2 , and -1.3 ppm H 2 0, with no measurable CO or C0 2 . Bottled helium with 
typical impurity contents of 3 ppm 0 2 , 1 ppm H 2 0, and 6 to 7 ppm N 2 was used for 
comparison tests. 
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To remove eir from the preieure veseel* u»ed for performing the tensi /- tests, 
the vesaela were evacuated to <20 mlcrona and backfilled to 0.69 MN/n 2 (100 pal) 
with hydrogen three timea. Thia waa then followed by five hydrogen pressurization- 
depressurization cyclea between a preaaure equal to the final teat pressure and 
about 0.34 MN/m 2 (50 pal) hydrogen before the final pressurization to the test 
pressure. The pressure vessels used for performing the fracture mechanics measure- 
ments wore evacuated to <20 microns and backfilled three times to 6.89 MN/m 2 
(1000 psi). This was followed by three hydrogen pressurization-depressurization 
cycles from the test pressure to about 1.38 MN/m 2 (200 psi) before final pressuri- 
zation to the test pressure. For tests conducted at less than 6.89 MN/m 2 (1000 psi), 
the pressure vessels were purged seven times between <20 microns and the test 
pressure prior to final test vessel pressurization. 

ACOUSTIC EMISSION APPARATUS 

Crack growth during testing of the WOL specimens was monitored by acoustic emis- 
sion. It has been well established during recent years that stress-induced slip, 
twinning, and fracture can emit a low-level sound, a phenomenon known as acoustic 
emission. The test method employs a piezoelectric crystal detector that is in 
direct or indirect contact with the specimen. When deformation or cracking occurs, 
the crystal produces signals that may be amplified and recorded on tape together 
with the load or may be used to drive a loud speaker. The acoustic method is ex- 
tremely sensitive to small crack extensions, and may give definite indications of 
crack movement before either an electrical potential or a displacement gage gives 
a discernible output. Another advantage of this method is its relative simplicity 
and adaptability to a variety of specimen types and testing situations. 

Acoustic! emission can be utilized for detecting crack growth during threshold 
measurements conducted on modified WOL specimens in high-pressure hydrogen en- 
vironments. To perform these measurements, the specimens are deflected until 
crack growth occurs. The crack opening displacement is then held constant until 
the crack ceases to propagate. Thus initiation and termination of crack growth 
can be detected by acoustic emission if the emissions from extraneous sounds 
(e.g., those from loading) can be filtered out. 
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While the amplitude* of the acoustic jignals seem to increase with the amount of 
material involved in a given increment of crack movement, there is no technique 
at present for relating the emission to the extent of crack growth. For this 
reason, the acoustic technique is best used in conjunction with either potential 
measurements or displacement gages. 

The acoustic emission circuitry was designed and set up en a prior IR$D program 
conducted at Rocketdyne. A block diagram of the apparatus is shown in Fig. 10. 

The circuitry includes an Endevco 2217 accelerometer having a resonant frequency 
of 30 kHz. The accelerometer output is amplified and filtered* before being 
processed, i.e., integrated and rectified. An amplification of 200,000 is im- 
posed on the preprocessed signal. The final signal is recorded simultaneously 
on a strip-chart recorder for analog output and in a counter-printout system. 

The final signal is a shaped pulse that is produced for every incoming signal 
burst above a preset voltage level. The duration and height of the pulse are 
determined by the time constant of the RC integrator. In the tests described 
below, the time constant was approximately 20 milliseconds. The counter/printout 
system is controlled by a preset counter, and records total count in predetermined 
time intervals. Total count and count rate (slope of total count versus time 
plot) are the only parameters having quantitative significance at the present 
time. However, pulse height and pulse energy, and emission frequencies have 
unique features as characterizing parameters to distinguish such things as de- 
formation versus fracture. Further development work is required before these 
parameters can be used. The final signal is also fed into an oscilloscope for 
data viewing (Fig. 10). 

The effort assigned to the acoustic emission phase was limited, and thus only a 
small fraction of the tests were monitored by acoustic emission. Moreover, 
the circuitry design was new and not completely "de-bugged." There were several 
persistent problems. One of these, which was concerned with extraneous emissions 
from the flow of LN 2 and from a solenoid valve in the nitrogen line, prevented the 


*Frequencies up to 20 kHz are removed by filtering. 
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successful conduct of any cryogenic tost. An auxiliary bucking circuit was de- 
signtd to eliminate that# unwanted amissions. Emissions from the LN 2 flow ware 
eliminated but not those from the solenoid valve. In all tests, the accelerometer 
was attached via a stud to a collar around the loading column. Despite this re- 
mote location external to the test chamber, the accelerometer performed satis- 
factorily, with no detectable loss in sensitivity to crack-induced emissions 
from the test specimen. 
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RESULTS AND DISCUSSION 


PHASE I. TENSILE PROPERTIES OF ALLOYS IN 
HYDROGEN ENVIRONMENTS 

Under this phase, the effects of hydrogen environments on tensile properties were 
determined for Inconel 625, AISI Type 321 stainless steel, TI-5A1-2.5 Sn ELI, and 
OFHC copper. Unnotched specimens were tested in air under ambient conditions and 
unnotched and notched specimens were tested in 34.5 MN/m 2 (5000 psl) hydrogen 
environments at ambient temperature and 144 K (-200 F). The average tensile prop- 
erties are given in Table 7 , and the data for individual specimens are presented 
in Appendix B. As has been found in previous programs for other materials, none 
of the materials tested experienced any decrease in yield strength due to the hydro- 
gen environment. 

For Inconel 625, the ductility of unnotched specimens was considerably reduced and 

2 

the strength and ductility of notched specimens was moderately reduced in 34.5 MN/m 

2 

(5000 psi) hydrogen compared to 34.5 MN/m (5000 psi) helium at room temperature. 
Even the ultimate strength of the unnotched specimens was somewhat reduced in hydro- 
gen at room temperature. The reduction of notch strength of Inconel 625 by 34. S 
MN/m 2 (5000 psi) hydrogen is similar to that found for the more moderately embrit- 
tled conditions of Inconel 718 although Inconel 625 is not as strong an alloy. 
Generally, for similar materials, it has been found previously (Ref. 4), 
that the stronger the alloy, the greater the susceptibility to hydrogen environ- 
ment embrittlement. The reduction of ductility of Inconel 625 by hydrogen at room 
temperature was quite severe although considerable ductility wus still present. 

The unnotched Inconel 625 specimens tested in hydrogen at room temperature contained 
surface cracks in the necked-down region, which were rather large and deep (Fig. 11) 
and are similar to those that have been observed on steels such as ASTM A-302. The 
effect of 34.5 MN/m 2 (5000 psi) hydrogen on the tensile properties of Inconel 625 
at 144 K (-200 F) was insignificant and no surface cracking was observed at this 
temperature. 
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Test Results 
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Photomicrograph lOOx 


Figure 11. Inconel 62S Unnotched Specimen Tested 
in 34.5 W/m2 (5000 psi) Hydrogen at 
Room Temperature 
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For AISI 321 stainless steel, the strength and ductility of notched specimens was 
• lightly raducad by 34.5 MN/m 2 (5000 p*lj hydrogen compared to 34. r. MN/m (5000 
psi) helium at room temperature. At 144 K (-200 F), the properties of notched AISI 
321 stainless-steel specimen* were essentially unaffected by hydrogen, For un- 
notched AISI 321 stainless-steel specimens, the reduction of area was decreased 
very slightly by hydrogen at room temperature but to a somewhat greater extent 
at 144 K (-200 F) . The unnotched AISI 321 stainless-steel specimens tested in 
hydrogen contained surface cracks. At room temperature, numerous, small, very 
shallow, blunt surface cracks (Fig. 12) formed over the entire reduced section. 

At 144 K (-200 F) , the surface cracks (Fig, 13) were larger, considerably sharper, 
and deeper, but were restricted mainly to the necked-down region. The larger 
cracks formed at 144 K (-200 F) would account for the sonewhat greater decrease 
in the reduction of area by hydrogen at 144 K (-200 F) than at room temperature. 

The behavior of the AI$I 321 stainless steel in hydrogen is similar to that observed 
for other stainless steels (e.g., AISI 304), which tend to form martensite during 
deformation. The effects of hydrogen environments on these stainless steels have 
been attributed to cracking in the martensite in the hydrogen environment (Ref. 4 
and 5). At -200 F, the amount of plastic deformation needed to form martensite 

is less than at room temperature. 

In a previous program (Ref. 4), it was found that thp V n h. ratio for the Ti- 
$Al-2.5Sn ELI alloy was approximately ■ 0,8 for pressures of 68.9 MN/m (10,000 psi). 
However, tests were performed only at room temperature. The results in Table 7 
show that this alloy was essentially unaffected by 34.5 MN/m 2 (5000 psi) hydrogen 
at 144 K (-200 F) . No surface cracks were observed in specimens tested in hydrogen. 

The results in Table 7 show that OFHC copper was essentially unaffected by 34.5 
MN/m 2 (5000 psi) hydrogen both at room temperature and 144 K (-200 F). No surface 
cracks were formed. 
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Photomicrograph lOOx 


Figure 12. A1SI 321 Stainless Steel Unnotched Specimen 
Test id in 34.5 MN/m 2 (5000 psi) Hydrogen 
at Room Temperature 
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Figure 13. AISI 321 Stainless Steel Unnotched Specimen 
Tested in 34.5 MN/m 2 (5000 psi) Hydrogen 
! at 144 K (-200 F) 

i 

i 
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PHASE II, THRESHOLD STRESS INTENSITIES OF ALLOYS 
IN HYDROGEN ENVIRONMENTS 


The threshold stress intensity (K^) was determined for various alloys when exposed 
to 34,5 MN/m 2 (5000 psi) helium and 34.5 MN/m 2 (5000 psi) hydrogen environments at 
ambient and at 144 K (>200 F). The alloys tested were Inconel 718 in the A and C 
heat treatment conditions (Table 5), Inconel 625, AISI 321 stainless steel, A-286 
stainless steel, Ti-5Al-2.5Sn ELI, 2219-T87 aluminum alloy, and 0FHC copper. All 
tests were performed on WOL specimens using the loading column shown in Fig. 8. 

The WOL specimens were fabricated from the same materials as were the tensile speci- 
mens for which the test results are given in Table 7 . The Inconel 718 WOL sppci- 
ments were fabricated from the Inconel 718 rolled bar (Table 1). 


As described in the Procedures section, the method used for performing the 
measurements also yielded fracture toughness (K,g) values for many of the conditions 
tested. 


The results of the fracture mechanics properties measurements are tabulated in 
Table 8 and the average Kjg and values are summarized in Table 9. Table '<0 
lists the yield strengths and maximum stress intensities that meet the 2.5 (Kj/flyg) 
requirements for the WOL specimen dimensions used for these tests. 

Table 8 contains the K. r fracture toughness and the stress intensity, K , at 

which loading was stopped and the crack allowed to propagate until arrested at 

1C-.. The K stress intensity was computed from the maximum load and the initial 
in iuB.x 

crack length. This frequently resulted in an underestimation of K max because of 
crack growth prior to obtaining the maximum load. 

For each stress intensity, Table 8 also indicates for the Kjg and stress inten- 
sities whether plane strain fracture toughness requirements according to ASTM 
E399-70T (Ref. 17) were met. For a Kjg value to be valid, the following test 
requirements must be met; (1} the load rate must be such that the rate of increase 


43 

















































































































IAN ICS PROPERTY MEASUREMENTS ON MODIFIED WOL SPECIMENS OF 
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NOTES: 
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N.O. • Not obtained 

ty, ■ unlaalal tanalla yield atrength of the aatarlal 



FOLDOUT FRAME 















































TABLE 8. (CONCLUDED) 


— 1 

•** 

1 

Tut Ducrlptlon 

• 

1 . 

Nomi 

Strm 

thin 


k rum 

Tint Undir 
Load 

Miitl. AfTN 
Mqulrtmtntt 

Nomi ml 
Stmt Uii 
thin tyi 

r<i) 

L«ii 

v. 

MN 

T v 1 

m 

KBI 

VTn. 

ncondt 
x 10 - < 

Houri 

(S 

V 1 

!) 

Crick 

Uniformity 

(C) 

(c) 

y* 

y* 

y 

1 

• 

1 

:?[:! 

Siffi 

S« O 
84(0 
57(0 
60 (O 

iiw 

54(e) 

Site) 

« o 

42(e) 

36{e) 

40(e) 

Sl(e) 

64(«) 

S$l 

SO! 

51(e) 
31 e) 

ss(e) 

25 

7.4 

14 

11 

6.1 

S.l 

S.l 

2 ) 

6S 

20.5 

40 

4S 

17 

16 

16 

64 



nc 


y* 

» 

Crick irritt determined by bicklni off of loid 

«{•> 

Si3 

30<e) 

3* e) 
33 « 

36(e) 

sste) 

m 

1 


•1 

y 

f* 

It 

n< 


y* 

1 

Specimen Pilled During loading 


r no 

20 

11 

wsm 

11 

wm 

■fni 

no 

ho crick growth; pintle deformation only 




16 

IS 

Bsfl 

IS 







No crick growth; pintle deformation only 




20 

16 

■w 

11 

■ 

9 ' 


i 



No cnek growth; plittlc deformation only 




20, 

It 

6.1 

17 

■ 









23(e) 

21(c) 

wwm 

11 . S 


9 



ytt 





50 (0 

27(e) 

pi 

It 


9 



no 





26(e) 

2S(«) 

9*9 

17.3 


K 



j yti 


. 

y* 

• 

l»(«i 

17(e) 

Ksfl 

11 

1 

■ 

■ 


yii 



FOLDOUT FRAME 


45 

















TABLE 9. AVERAGE Kj C AND VALUES FOR VARIOUS METALS IN 34.5 MN/jb (5000 PSI) 

HYDROGEN AND HELIUM ENVIRONMENTS 





































TABLE 10. YIELD STRENGTHS AND MAXIMUM STRESS INTENSITIES AT WHICH PLANE STRAIN 




of the stress intensity is between 0,55 end 2,7 MN/nt^ ^m/sec (30 and 150 ksi 
^InT/min), (2) the change from linearity of the load versus deflection curve 
must be sufficiently sharp in the region between 0.8 and 1.0 of the 5-percent 
secant offset, (3) the specimen thickness and crack length must be greater than 
2.5 (K ic /o ys ), and (4) the maximum deviation of the crack length must be within 
5 percent of the average crack length and the crack length along the specimen 
edges cannot be shorter than 90 percent of the average crack length. Requirement 
4 is designated as crack uniformity in Table 8 for the initial crack at K IC and 
the final crack at K final * 

The stress intensities were calculated from the measured crack lengths except 
when the cracks (initial or final) were not sufficiently uniform to meet ASTM 
requirements. In those cases, the crack lengths as computed from compliance were 
considered more accurate and were used for the stress intensity calculations. 

No special effort was made to load the specimens at a rate within the range required 
for a K IC value; however, most of the tests in air and helium environments met this 
requirement. On the other hand, the rate of loading in hydrogen was frequently very 
slow so that the minimum stresses at which crack growth occurs would not be greatly 
exceeded. 

Inconel 718-1214, 991 - 894 K (1725, 1325 - 1150 F) 

Heat Treatment Condition 

Pop-in (sudden load decrease during loading) occurred in the air and helium environ- 
ments during tests conducted at ambient temperature and at 144 K (-200 P) on Inconel 
718 in the 1214, 991 - 894 K (1725, 1325 - 1150 F) heat treatment condition (A 
condition, Table 5.) For the first specimen (Al, Table 8) tested in helium at 144 K 
(-200 F), the crack extended nearly the entire length of the specimen during pop-in 
and, consequently, the threshold stress intensity was not measured on this specimen. 
For all subsequent tests at 144 K (-200 F), the specimen was loaded very slowly and 
further loading w*s hr 'ted when sustained- load crack gtowth was Indicated. Thus, 
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only on* K JC measurement was mad* at 144 K (-200 P). « I( , was 78 MN/m 2 y/m~ (71 ksi 
y/iiu) at ambient temperature and 98 MN/m 2 y/nT (89 kii ^ih.) at 144 K (>200 F). 

Sustained- load crack growth was quit* pronouncod in both helium and hydrogen environ- 
ments at ambient temperature and 144 K (-200 P) in this material. The threshold 
stress intensity in helium was 58 MN/ra 2 ^nT (53 ksi Vin.) at ambient temperature 
and 81 MN/m 2 \Zm" (74 ksi Vln.) at 144 K (-200 F). It is of interest that a speci- 
men (A7, Table 8) tested in air at ambient temperature had about the same K IC value 
as did specimens tested in helium, but in air was just slightly less than K IC 
in air and significantly higher than in helium. It would appear, therefore, 
that air at ambient temperature and pressure inhibits sustained- load crack growth 
of Inconel 718 in this heat treatment condition. 

Hie ambient temperature threshold stress intensity in hydrogen of Inconel 718 in the 
A heat treatment condition was very low. Initial tests conducted in hydrogen 
resulted in complete fracture of the specimens although the maximum stress inten- 
sities to which the specimens were loaded were comparatively low. 

2 

Two threshold values were obtained at ambient temperature in 34.5 MN/m (5000 
psi) hydrogen. A threshold value of 22 MN/m 2 VtT (20 ksi VTn.) was obtained on 
specimen AS (Table 8) by bracketing the load at which crack growth was noted rather 
than by crack arrest. A subsequent test, specimen A13 (Table 8) was loaded to 
23 MN/m 2 \/nT(21 ksi and the crack extended most of the distance across 

the specimen before the test was terminated at 14 MN/m 2 v^l~(13 ksi VitT.). The 
crack had not completely arrested, but the crack growth rate at this point was 
over an order of magnitude slower than occurred at stress intensities above 16.5 
MJ/m 2 \/m~(15 ksi ^n.) as determined from compliances. The final crack length 
was very uniform and met ASTM's requirements but was quite long with a * 0.065 m 
(2.257 in.) correspondng to £ ■ 0.885. Novak and Rolfe (Ref. 16) performed the 
compliance calibration on this specimen to - ■ 0.875, and at — * 0.67, the accuracy 
of Eq. 8 is within 2 to 3 percent. Therefore, although the crack was slightly 
longer than the calibration range, the stress intensity value obtained is con- 
sidered reasonably accurate. 
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The K th value obtained by crack arrait ii judged more accurate than the higher 
one obtained by bracketing, Thue, the beet eetimate of for Inconel 718 in 
the A heat treatment condition when exposed to 34.5 MN/m 2 (5000 pei) hydrogen 
is 14 MN/m 2 /m (13 ksi /In?) , This is the lowest value of obtained for any 
of the materials (including copper anu aluminum) tested in this program. In com- 
parison, Lorenz (Ref. 9) obtained a K TH value of 24 MN/m 2 v'fiT (22 ksi /InT) on 
Inconel 718 plate in the same heat treatment condition when tested in 35.9 MN/m 2 
(5200 psi) hydrogen. 

A test conducted at 144 K (-200 P) on specimen All (Table 8) indicates a lower 
value of of this material in hydrogen than obtained in helium at this temper- 
ature. Crack growth was comparatively slow and it took 32 x 10 4 seconds (89 hours) 
for the crack to arrest at 63 MN/m 2 /m (57 ksi /in*. ) . The duplicate test, speci- 
men A10 (Table 8), had to be aborted after 2.3 x 10 4 seconds (6.5 hours) because 
of excessive pressure vessel leakage. 

Gross yielding in front of the crack did not occur during any of the tests. 

Inconel 718--1325, 1033 - 922 K (1925, 1400 - 1200 F) 

Heat Treatment Condition 


The fracture toughness (Kj{0 and threshold stress intensity (K^) of Inconel 718 
in the 1325, 1033 - 922 K (1925, 1400 - 1200 F) heat treatment condition (C con- 
dition, Table S) was significantly higher than in the A condition. Pop-in occurred 
during loading at or slightly above the 5-percent secant intercept for the room- 
temperature tests in helium. A pop-in type phenomenon also occurred at 144 K 
(-200 F) in both hydrogen and helium environments, but only after significant sus- 
tained load crack growth had occurred at a load slightly above the 5-percent secant 
intercept load. The stress intensity was increasing as the crack extended under 
constant load prior to the pop-in phenomenon, but the crack length immediately 
before pop-in was not determined. Therefore, the maximum stress intensities could 
not be obtained. 


i 
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The K. r data on this material was very consistent and appeared to bt basically 

i U 2 mtt 

independent of tamparatura and anvlronmant. K IC was about 121 MN/m ym (110 ksl 
/ItT) at ambiant temperatures and 144 K (-200 F) , At room tamparatura, this stress 
intensity was 11 MN/m 2 (10 ksl /In".) above the stress intensity allowed by ASTM 
criteria for this specimen thickness, Only one value, 110 MN/m 2 /in" (100 ksl /ln7) 
was obtained in hydrogen at ambient temperature because of hydrogen- Induced sustained- 
load crack growth. The lower value in hydrogen compared to helium is probably tho 
result of environmentally induced sustained- load crack growth during loading. 


The threshold stress intensity data in helium was extremely consistent, varying 
within 1 MN/m 2 /in" (1 ksl /In’.) for the two tests ccnducted at room temperature 
and within the same amount for the three tests conducted at 144 K (-200 T). 
at room temperature was 112 MN/m 2 /nT*(102 ksi /In’.) and at 144 K (-200 F) 
was 139 MN/m 2 /in (126 ksi /in.). 


Two values were obtained in hydrogen at room temperature. A value of 5S MN/ni 

/sT (50 ksi /in. ) was obtained by bracketing, and 42 MN/m 2 /in' (58 ksi /IrT. ) was 

obtained later by crack arrest. The value obtained by crack arrest is deemed most 

accurate. The average K~. of three tests conducted in hydrogen at 144 K (-200 F) 

2 r" / 

was 123 MN/m ym (112 ksi yin.). This is significantly below the value obtained 
in helium, and because of the consistency of the data, there is indication of 
environmentally induced crack growth at this cryogenic temperature. 


In Phase V, measurements were performed on Inconel 718 specimens in the C heat 
treatment condition exposed to 34.5 MN/m 2 (5000 psi) hydrogen at 200 K (-100 F) . 

The results obtained in that phase indicate that the rate of crack growth decreases 
with decreasing temperature but at 200 K (-100 F) was about the same as at 
ambient temperature. Therefore, as is suggested in Phase V, the real value of 
at 144 K (-200 F) may be lower than 123 MN/m 2 /m (112 ksi /n.), but the very 
slow crack growth rate prevented attainment of the true value. 


Gross yielding in front of the crack did not occur during any of the tests. 
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Inconel 625 


There wee considerable variation of K IC obtained from the ambient -temperature 
teats on Inconel 625 specimens The average fracture toughness war 84 MN/m 2 /m 
(76 ksi in helium and 67 MN/m 2 JOT (61 kai Jin.) in hydrogen, The lower value 

in hydrogen was due to subcritical crock growth during loading. Both values were 
above 64 MN/m 2 t'fiT (58 ksi /In?) , which is the maximum stress intensity that will 
meet plane strain requirements for Inconel 625 with this specimen thickness. 

K IC was essentially the same in hydrogen as in helium at 144 K (-200 F), the 
average value for both environments was about 110 MN/m 2 (100 ksi /in’.") . This 
value was also considerably above the allowable stress intensity for plane strain 
for the specimen thickness. 

Sustained- load crack growth did not occur in the two Inconel 625 specimens tested 
in helium at ambient temperature, but measurable crack growth was observed at 144 K 
(-200 F) in both helium and hydrogen environments. True values were not, how- 
ever, obtained because the arrest stress intensity appeared to be only a function 
of the maximum load rather than an intrinsic value. That is, crack arrest occurred 
at higher stress intensities for those specimens loaded initially to the higher 
values and vice versa. 

At room temperature, a hydrogen embrittling phenomenon was evident in the two 
Inconel 625 specimens tested in hydrogen at ambient temperature. Specimen No. 1 
(Table 8) was held at 67 MN/m 2 vSn (56 ksi vTnT) for 6.1 x 10 4 seconds (17 hours) 
without any crack extension. The specimen was then unloaded, exposed to sir, re- 
placed in 34.5 MN/m 2 (5000 psi) hydrogen and reloaded in increments up to a stress 
intensity of 139 MN/m 2 (126 ksi /InT). With each loading increment above ap- 
proximately 88 MN/m 2 vln (80 ksi /Tn7) stress intensity, there was a small indica- 
tion of crack extension, but significant crack growth did not occur even at the 
highest stress intensity. Posttest examination showed crack branching at an angle 
to the plane of the crack and, therefore, no meaningful crack arrest da“a were 
obtained. 


52 


Crack branching wan not observed on specimen No, 7 (Tab la 8), also tested in ambi- 
ent tamparatura hydrogen, Poattaat examination ahowad measurable crack extension 
with moat of it occurring at tha sidea of the specimen rather than inside the 
specimen. Preferred crack growth along the aides la very unusual and it repre- 
sents a surface cracking-type phenomenon rather than normal crack growth. 

From the results of the two teats conducted in hydrogen at ambient temperature, 
hydrogen -induced crack growth followed by blunting and/or branching is indicated. 


The stress exceeded the specimens yield strength at 
625 specimens. 


for most of the Inconel 


AISI 321 Stainless Steel 


Plane strain conditions were not obtained with the AISI 321 stainless- steel speci- 
mens at ambient temperature or 144 K (-200 F) in either hydrogen or helium environ- 
ments. To meet plane strain conditions, a considerably thicker specimen would be 
required. Secondly, gross yielding in front of the crack occurred in five of the 
eight specimens at the 5-percent secant intercept. Despite these two factors, an 
average K^ c value of about 3S MN/m 2 v^" (32 ksi ^Ln*.) was obtained for all of the 
conditions tested; this value may be reasonably close to the true plane strain frac- 
ture toughness of this material. 

The results of the crack arrest experiments were similar to those for Inconel 625. 
Incremental crack growth, followed by blunting, occurred when the specimens were 
loaded above their apparent value. Blunting was in the form of smooth rounding 
of the crack front rather than branching as observed in Inconel 625. 

Specimen No. 3 (Table 8) was tested twice in hydrogen at ambient temperature. In 
the first test, the specimen was loaded to a stress intensity of 28 MN/m 2 
(25 ksi VlrT.) and held for 5 x 10 3 seconds (1-1/2 hours). There was an immediate 
small indication of crack growth after reaching the maximum load. After the first 
test, the specimen was exposed to air and then retested in hydrogen. The second 
test consisted of loading in increments up to 111 MN/m 2 /m (101 ksi /In?). Crack 
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extension occurred after each loading increment and the crack arreated each time 
within a few minutea, although the load* had not decreased to the previous arrest 
values. Posttest examination showed that the specimen had deformed plastically 
(over 0.005 m (0.2 in.) increase of crack opening displacement) and the crack front 
appeared rounded. There was considerable surface cracking along the side grooves 
just ahead of the precrack. The crack had extended 0,003 m (0.121 in.) during the 
test and the sustained- load crack growth region was very smooth with an almost 
polished appearance and contained no branching as observed on one of the Inconel 
625 specimens tested in hydrogen. It was, therefore, evident that the crack ex- 
tended a certain amount with each load increase and then blunted by rounding of 
the crack front without secondary cracking or branching. This crack roundiug is 
the same as observed (Ref. 3) during metal lographic examination of surface cracks 
in AISI 321 stainless-steel tensile specimens tested in hydrogen. 

Normal-type crack extension occurred during tests that were moderately loaded at 
144 K (-200 F). The degree of sustained- load crack growth appeared essentially 
proportional to the maximum stress intensity, and crack arrest occurred at about 
the apparent K lc value. Incrementally loading a specimen (No. 4, Table 8) to a 
very high stress intensity of 91 MN/m* vln* (83 ksi /in.’) in helium at 144 K (-200 
F) resulted in step-type crack extension with each load increase, but the load did 
not decrease to the previous arrest value. Therefore, it is questionable whether 
a true threshold stress intensity value was obtained on any of the tests on 321 
stainless steel conducted at 144 K (-200 F). A conservative estimate of It™ at 
144 K (-200 F) would be the same as the apparent K JC value of about 33 MM/nr /in 
(30 ksi /InT). There appeared to be no hydrogen environment effect on crack ex- 
tension at the cryogenic temperature. 

A-286 Stainless Stee l 

A- 286 stainless steel has the highest fracture toughness of the alloys tested in 
this program. In fact, it was necessai; to extend the crack by fatigue an addi- 
tional 0.006.3 m (0.25 in.) to test the specimens because of the 13,300 N (30,000 
pounds) limitation of the loading column. Valid K JC data were not obtained at 
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either ambient temperature or 144 K (-200 P) bectuae of the high fracture toughness 
and high stress required for crack extension. The average calculated ambient tem- 
perature Kq value was 145 MN/m 2 \/m (132 ksi>/ln.) in helium and 100 MN/m 2 ^ (91 ksi 
\/7n.) in hydrogen. It is not known whether this difference is due to a hydrogen 
environment effect or from an unusually high scatter of the results. There was 
somewhat lens scatter of K Q at 144 K (-200 F) , and the average values in hydrogen 
and helium at 144 K (-200 F) were about the same as Kq obtained in helium at 
ambient temperature. 

The initial test (specimen No. 3, Table 8) conducted in hydrogen at ambient tempera- 
ture showed no crack growth after being held for 6.8 x 10 4 seconds (16 hours) at 
120 MN/m 2 ^nT (109 ksi y/in .) - The stress during the hold period was about equal to 
the yield strength of the specimen. Two tests conducted at about 165 MN/m 2 t/m 
(150 ksi^in*) in ambient-temperature helium also showed no crack extension; it was 
believed that crack growth could not be developed in A-286 stainless steel. 

Subsequently, two ambient -temperature hydrogen environmental tests were performed 
in which the specimens were loaded to about the same values as were the specimens 
tested in helium. Slow sustained- load crack growth occurred in both of these spec- 
imens. An apparent crack arrest of 140 MN/m 2 /SiT (127 ksi /in.) was obtained In 
specimen No. 5 (Table 8) after 33 x 10 4 seconds (91 hours) by backing off of the load. 

A subsequent test (specimen No. 10, Table 8) showed that backing off of the load 
can effect an apparent crack arrest, but crack growth reinitiates after a hold 
period. Sustained- load crack extension continued on this specimen for 2.85 x 10 6 
seconds (33 days), at which time the stress intensity had declined from 165 MN/m^m” 
(150 ksi>/In.) to 113 MN/mVnT (103 ksi>/In.) with 0.012 m (0.475 in.) crack 
extension. At this point, the specimen was unloaded in hydrogen to measure crack 
length by compliance and then reloaded to the same value without removing it from 
the environment. No further crack growth was noted after 6.9 x 10 7 seconds (8 days), 
The crack was still growing before unloading for compliance, and thus the unloading 
and reloading evidently effected a change in crack extension (e.g., Intergranular 
to transgranular) sufficient to temporarily prevent further crack extension. There- 
fore, the threshold stress intensity of A-286 stainless steel in hydrogen at ambi- 
ent temperature was not established, but it is below 113 MN/m 2 ^^" (103 kai^iJT. ). 
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There is evidence that crick growth in A-286 in hydrogen requires gross yielding in 
the environment because a specimen loaded initially to a somewhat higher value than 
the above stress intensity did not show crack extension. However, the hold period 
may have been insufficient. The very alow crack extension and high stress required 
to start crack growth in hydrogen explains the apparent lack of embrittlement of 
A-286 stainless steel when tensile or even low-cycle fatigue tested in high-pressure 
hydrogen. It may be possible to obtain a true stress intensity for A-286 in 
ambient temperature hydrogen by extending the crack in hydrogen by fatigue, and 
then loading the speciment to a stress intensity value below that at which gross 
yielding occurs. 

There was almost no measurable crack extension in the specimens tested in hydrogen 
and helium environments at 144 K (-200 F) although the specimens were loaded to 
about 198 MN/m 2 v/m” (180 ksi\ZIrT.) stress intensity. 

T1-5A1-2.5 Sn ELI 


Quantitative K JC and fracture toughness data were obtained on Ti-5Al-2.5 Sn ELI. 
Pop-in occurred at Kq at ambient temperature and at 144 K (-200 F) with practically 
no deviation from linearity of the load-crack opening displacement record. The K IC 
fracture toughness in helium was 79 MN/m 2 ^nT (72 ksi ^in. ) at room temperature and 
87 MN/m 2 (79 ksi Jin.) at 144 K (-200 F) . The maximum stress intensities were 
less than for the tests conducted in hydrogen to minimize the crack extension 
required for crack arrest. 


The threshold stress intensity of Ti-SAl-2.5 Sn ELI at ambient temperature in helium 
was 69 MN/m 2 Jin (63 ksi Jin.). The threshold stress intensity at ambient temper- 
ature in hydrogen was 34 MN/m 2 Jii (31 ksi Tin.). Crack arrest was determined by 
the bracketing method on specimen No. 3 (Table 8) and by crack arrest op specimen 
No. 9 (Table 8) and virtually the same value was obtained by both methods. This 
value is higher than the threshold stress intensity of 24 MN/m 2 Jm (21.5 ksi Jin.) 

obtained by Bixler (Ref. 20) for Ti-5Al-2.5 Sn ELI from measurements conducted at 

2 

ambient temperature in 9.6 MN/m (1400 psl) hydrogen. 
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The hydrogen effected region of the fracture surface of specimens tested in hydro- ! 

gen was very dark and in some regions almost black. This dark texture is usually 
indicative of extensive secondary cracking. 

The average threshold stress intensity at 144 K (-200 F) was 60 MN/m 2 y/lT (55 ksi 
^In.) in helium and 58 MN/m 2 y/m (53 ksi >/in.) In hydrogen. Therefore, there does 
not appear to be a hydrogen environmental influence on for Ti-5Al-2.5 Sn ELI 
at 144 K (-200 F) . 


The yield strength was not exceeded during any of the tests conducted on Ti-5A1- 
2.5 Sn ELI specimens. 

2219-T87 Al Alloy 

Quantitative K IC and fracture mechanics data were also obtained on 2219-T87 

( Al alloy at ambient temperature and at 144 K (-200 F) . Pop-in occurred for all j 

of the tests at a stress intensity somewhat above Kq. The average K IC fracture | 

toughness at ambient tmperature was 33 MN/m 2 t/OT (30 ksi ViiT.) in helium and | 

29 MN/m 2 \Zm”(26 ksi \^in.) in hydrogen. At 144 K (-200 F), the average K IC _ I 

values were 41 MN/m 2 ^m” (37 ksi Vin.) in helium and 37 MN/m 2 Vrn” (34 ksi \/in.) 
in hydrogen. 


i 



The specimens were loaded to pop-in and the cracks allowed to arrest. The stress 
intensities at crack arrest were about the same in both helium and hydrogen environ- 
ments and on an average equal to K rr in helium regardless of environment. That is, 

2 

the average values in helium and hydrogen were 32 to 33 MN/m C29 to 30 
ksi ^IrT) at ambient temperature and 40 MN/m 2 ^m” (36 ksi J in.) at 144 K (-200 F) 
There was, therefore, no indication of a hydrogen environmental effect on sustained- 
load crack growth for 2219-T87 Al alloy. 

The yield strength of 2219-T87 Al alloy was not exceeded during any of the tests 
conducted on 2219-T87 Al alloy. 
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OPHC Copper 


Crack extension did not occur in the OPHC copper specimens tested at ambient tem- 
perature in helium and hydrogen environments. Loading above the 5-percent secant 
intercept caused arm bending without crack extension for the specimens tested in 
both environments. The stress intensities computed at the 5-percent secant inter- 
cept were not valid Kj C values because the -specimens were not sufficiently thick, 
but more important, because there was no measurable crack extension. They do, 
however, represent the stress intensities above which there is gross plastic 
deformation at the crack front. This is confirmed by calculation of the stress 
by means of Eq. 7 which showed that the stress at 5-percent secant intercept 
corresponded to about 117 MN/m (17 ksi), which is the yield strength of copper 
at ambient temperature. 

A small amount of crack extension did occur during the 144 K (-200 F) tests con- 
ducted in both environments. Hie S-percent secant intercept stress intensity was 
18 to 19 MN/m 2 (16 to 17 ksi Vui".). This was slightly above the 17 MN/m 2 VnT 
(IS ksi ^In.) maximum stress Intensity allowed for plane strain conditions in 
0.0254 m (1.0 in.) thick copper specimens at this temperature. The yield stress 
was not exceeded and, although ASTM requirements were not completely met, the 
values obtained should be close to actual K IC values. 

Three of the four specimens yielded between K JC and the maximum stress intensity. 
Although there was some load decrease after reaching the maximum load, compliance 
indicated very little crack extension. Therefore, the load dropoff appeared due 
to creep-type relaxation phenomenon rather than to crack extension. At any rate, 
the final stress Intensity was more indicative of the maximum stress intensity 
than it was of an intrinsic value and of copper at 144 K (-200 F) was, 
therefore, not obtained. 
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Sustained- Load Crack Propagation in Hydrogen 


Hydrogen -induced, ev. stained- load crack propagation reiulted from exposure to 34.5 
2 

MN/m (5000 psi) hydrogen for Inconel 718 in both heat treatment conditions at 
ambient and 144 K (-200 F), and for Ti-5Al-2.5 Sn ELI and A-286 stainless steel 
at ambient temperature. Crack growth followed by blunting occurred with each 
loading increment in AISI 321 stainless steel and in Inconel 62S when tested in 
hydrogen at ambient temperature. 

Except for A-286 stainless steel, these results are consistent with the influence 
of hydrogen on the tensile properties of these metals. Embrittlement of tensile 
specimens involves crack initiation followed by sustained- load crack growth, while 
in the precracked WOL specimens, embrittlement is strictly environment enhanced 
crack growth. For the most severely embrittled metals, very little plastic strain 
is needed for surface crack initiation, and crack growth continues in a straight 
line until failure. Sustained-load crack extension without any form of blunting 
certainly occurred in the Inconel 718 and Ti-SAl-2.5 Sn ELI specimens tested in 
hydrogen . 

Hydrogen- Induced crack growth also occurred at 144 K (-200 F) in Inconel 718, par- 
ticularly in the 1214, 991 - 894 K (1725, 1325 - 1150 F) heat treatment condition. 
The main effect of decreasing temperature was an extremely large reduction of crack 
growth rate for a given stress intensity or for a given relative stress intensity 

(k/k th ) . 

Sustained- load crack growth of A-286 stainless steel initiated at stresses above 
the materials yield strength t;id crack propagation was very slow. Hydrogen- induced 
crack growth in this material would not have been predicted from tensile test data, 
but is not in conflict with the tensile results. Hydrogen- induced surface crack 
initiation in A-286 stainless steel tensile specimens evidently requires consider- 
able plastic deformation. Once a crack has initiated, there is very little time 
remaining for crack growth before the ultimate strength has been reached. The 


59 


very slow sustained- load crack growth of A-286 in hydrogen would preclude any 
significant reduction of tensile properties. The same reasoning can be used to 
predict very little embrittlement of smooth specimens subjected to low-cycle 
fatigue in hydrogen. At elevated temperatures, the tensile and low-cycle fatigue 
properties of A-286 stainless steel would be predicted to be affected by a high- 
pressure hydrogen environment because of increasing crack growth kinetics. In 
this light, Harris and Van Wanderham (Ref. 21) have shown a reduction of stress 
rupture strength and low-cycle fatigue strength of A-286 stainless steel from 
exposure to 34.5 MN/m^ (5000 psi) hydrogen at 950 K (1250 F). 

An important aspect of embrittlement of A-286 is that it is a stable austenitic 
stainless steel. Therefore, the lack of hydrogen- environment embrittlement ob- 
served until now in austenitic stainless steel is not evidently an intrinsic 
property of these steels, but instead is probably a matter of crack growth kinetics 
and possibly crack blunting by the ductile austenite structure. 

Questions still unanswered from the tests on A-286 are whether: (1) gross yielding 

is necessary for hydrogen environment -induced, sustained- load crack growth of this 
material; and (2) hydrogen- Induced crack extension will occur in plane strain as 
well as mixed mode fracture. 

The AISI 321 stainless steel and Inconel 625 specimens showed hydrogen- induced, 
sustained- load crack growth but blunting followed each increment of crack growth. 
Blunting was in the form of rounding of the crack in AISI 321 stainless steel. 
Brittle crack initiation probably occurred in the strain- induced martensite followed 
by blunting in the austenite matrix. 

Blunting of cracks in the Inconel 625 specimens was traced to crack branching in 
one of the specimens tested. For the other specimen, crack extension was consider- 
ably greater along the sides of the specimen instead of in the plane strain region 
in the middle, as observed for all of the other materials tested in hydrogen. 

Crack growth along the sides suggests crack nucleation in the side grooves as the 
result of plastic strain, but this was followed by crack blunting either by round- 
ing of the crack front or microscopic branching as the crack extended. 


60 


Crack growth in OFHC copper and 2219-T87 Al alloy was not influenced by the hydrogen 
environment. Crack extension without blunting occurred in hydrogen and helium at 
ambient and 144 K (-200 F) in 2219-T87 Al alloy but there was no indication of 
greater crack growth in hydrogen. 

Arm bending, rather than crack growth, occurred exclusively in OFHC copper speci- 
ments tested at ambient temperature. There was a small amount of crack growth in 
OFHC copper at 144 K (-200 F), but this was also accompanied by considerable plastic 
deformation. 

PHASE III. ACOUSTIC EMISSION MONITORING OF 
CRACK GROWTH IN HYDROGEN 

This phase consisted of developing a method for monitoring hydrogen-induced sub- 
critical, sustained- load crack growth. An accelerometer was attached to the ram 
(Fig. 8) outside the pressure vessel during several of the Phase II threshold 
stress intensity measurements. 

In general, satisfactory correlation was obtained between the rate of acoustic 
emissions and the rate of load change. One very important finding emerged from 
the acoustic emission data: crack growth in Ti-5Al-2.5 Sn ELI, 2219-T87 Al alloy, 

and A-286 stainless steel (all exposed to hydrogen) proceeded discontinuously. 

None of the helium tests was monitored acoustically. Figure 14 shows a simul- 
taneous plot of acoustic emission (cumulative count) /applied load versus elapsed 
time for the first of two tests conducted on A-286 stainless steel. As evident 
in Fig. 14, seven discrete crack growth increments were observed during the first 
2.376 x 10° seconds (66 hours). A tendency for the rate of crack growth to decrease 
as the crack continues to grow i». entally is also apparent. (A faster counting 
rate is assumed to reflect a faster crack growth rate. The constant counting rates 
obtained between crack growth increments are assumed to be background rates.) Not 
enough load data were recorded to evaluate the correlation between acoustic emission 
and load in more detail. The A-286 stainless steel was the only material to be 
monitored in more than one test. The reproducibility of results could not be eval- 
uated owing to amplifier problems in the second test. 
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PHASE IV. VARIATION OF HYDROGEN -ENVIRONMENT EMBRITTLEMENT 
OF INCONEL 718 WITO MATERIAL CONDITION 

Tensile Teats of Notched Inconel 718 Specimens 

Tensile tests were performed on notched Inconel 718 specimens fabricated from the 
three forms, rolled bar, forging, and plate, shown in Table 1. Notched specimens 
were also fabricated from a weldment made in the Inconel 718 plate with the notches 
located in the weld and in the weld heat affected tone (HAZ) . Each of these five 
material conditions were tested in the A, B, and C heat treatment conditions listed 
in Table 5. The three material forms were also tested in the heat treatment E con- 
dition, which consisted of a 1297 K (187S F) anneal for 600 seconds (10 minutes) 
followed by the standard 1033 - 922 K (1400 • 1200 F) age. The annealing treat- 
ment was selected as being sufficient to place the NijCb phase into solution, but 
sufficiently short to prevent significant grain growth. Thus, heat treatment E 
differs from C in that the annealing treatment in E was performed at a lower tem- 
perature and shorter time duration. In addition, specimens were tested in the 
1297 K (1875 F) annealed condition (D) without subsequent aging. 

The specimens were tested in 34.5 MN/m 2 (5000 psi) hydrogen and in 34.5 MN/m 2 
(S000 psi) helium at ambient temperature. Table 11 contains the average test 
results and the individual specimen data are presented in Appendix C. 

Consider first the results of the specimens without welds in the A, B, and C heat 
treatment conditions. The least hydrogen environment embrittlement, i.e., the 
highest N H2 /N He ratio (0.86), occurred with the A and B heat treatments of the plate. 
On the other hand, the greatest embrittlement (N^/N He ■ 0.54 to 0.39) resulted from 
the A heat treatment of the rolled bar and forging and the B heat treatment of the 
forging. Intermediate embrittlement (N^/N^^ ■ 0.70 to 0.77) resulted from the C 
heat treatment of all three starting materials and from the B heat treatment of 
the rolled bar. Of the three heat treatments, the C heat treatment gave the most 
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TABLE 11. EFFECT OF 34.5 MN/m 2 (5000 PSI) HYDROGEN AT ROOM TEMPERATURE 
ON THE AVERAGE PROPERTIES OF NOTCHED SPECIMENS OF 
INCONEL 718 IN VARIOUS CONDITIONS 


































cona latent reauits with Nh 2 /N h# being 0,71, 0,76, end 0,77 for the roiled bar, 
forging, end plete, respectively. Of the three forme of material (i.e,, rolled 
bar, forging, and plate), the plate had the loweet and moat consistent hydrogen- 
environment embrittlement for the three heat treatment conditions, 

Although the least embrittlement occurred with the plate with the A heat treatment, 
the notched strength in hydrogen was the same for the plate with the C heat treat- 
ment as for the plate with the A heat treatment, The lower NH 2 /N, ie ratio with the 
C heat treatment resulted from the higher notched strength in helium. In fact, for 
all three forms (rolled bar, forging, and plate), the C heat treatment resulted in 
the highest notch strength both in helium and hydrogen. 

The results of tests on the rolled bar, forging, and plate in the E heat treatment 
condition indicate about the same degree of embrittlement as occurred on these 
materials when in the C heat treatment condition. Thus, the expected reduced grain 
size of the E heat treatment compared to the C heat treatment did not result in 
lower enibrittlement. The mic restructure 1 aspects of hydrogen environment embrit- 
tlement of Inconel 718 will be discussed in the Metallography section. 

The test results on the rolled bar in the annealed condition (D) showed compara- 
tively less embrittlement. The notched strength was decreased 17 percent and the 
notch ductility was decreased from 13.6 to 9.0 percent reduction area due to the 
34.5 MN/m 2 (5000 psi) hydrogen embrittlement. This low embrittlement ranks annealed 
Inconel 718 among the lesser embrittled (Ref. 4) of iron- and nickel -base alloys. 

The investigation of the hydrogen- environment embrittlement of Inconel 718 welds 
was made only with the plate which, as it turned out, was the least embrittled of 
the forms tested. The welds were tested only in the heat-treated after-welding 
condition. For all three heat treatments, the notch strength in both helium and 
hydrogen was lower for the weld metal and the heat-affected zone than for the parent 
metal . 
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Alio, In ill cun, the degree of hydrogen-environment embrittlement wu greater 
for the wold mitil and haat-affactad zona than for tha parant matal. The wald matal 
and tha haat-affactad zona with tha B haat treatment wara embrittled by hydrogen 
to about tha aama dagraa, For tha A haat traatmant, tha haat-affactad zone wws 
more embrittled by hydrogen than was tha wald matal while the reverie was true for 
the C haat traatmant. The most severe hydrogen-environment embrittlement In weld 
specimens was for weld metal with the C heat treatment. A» with the parent metal, 
the notch strength in helium of both the weld metal and heat-affected zone was 
higher with the C heat treatment than with the other two heat treatments. However, 
the degree of hydrogen- environment embrittlement of the weld metal was large enough 
for the C hea treatment that the notch strength in hydrogen was somewhat lower 
with that heat treatment than with the A heat treatment. 

Metallography of Inconel 718 

Optical and electron microscopy was performed on specimens of the Inconel 718 bar, 
forging, and plates in the five heat treatment conditions. Photomicrographs of 
Inconel 718 in the 1228 K (1750 F) annealed, as-received condition are shown for 
the rolled bar in Fig. 15 and for the forging and plate in Fig. 16. Since the 
microstructures of longitudinal and transverse sections of the plate and forging 
were the same for this and subsequent heat treatments, only the transverse section 
photomicrographs are shown for these materials. There were considerable difference 
among the as-received grain structure resulting from the three processing methods. 
The structure of the rolled bar was duplex with the larger grains elongated in the 
rolling direction. The grain sizes of the forging and plate were relatively uni- 
form. The grain size of the forging was relatively large (ASTM 4-1/2). The plate 
was fine grained (ASTM 10). 

Photomicrographs of bar, forging, and plate specimens with the A heat treatment 
are shown in Fig. 17 and with the B heat treatment in Fig. 18 and 19. The micro- 
structures resulting from these heat treatments appear virtually the same as those 
for the 1228 K (1750 F) annealed, as-received condition. 
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Figure IS. Photomicrographs of Inconel 718 Rolled Bar 
in the 1228 K (17S0 F) Solution Annealed 
As-Received Condition. Etchant: 92 HC1, 

3 HN0 3 . 1/2 H 2 S0 4 



'i 



Forging 


200x 



Figure 16. Photomicrographs of Transverse Sections of Inconal 718 
Forging and Plate in 1228 K (17S0 F) Solution Annealed, 
As-Received Condition. Etchant: 92 HC1, 3 HNOj, 1/2 HgSO^ 
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Transverse Cross Section 


200X 

Longitudinal Cross Section 

Figure 18. Photomicrographs of Inconel 718 Rolled Bar in the 
B Heat Treatment Condition. Etchant: 92 HC1, 

3 HNQji 1/2 HjSO^ 
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Figure 19. Photomicrographs of Transverse Sections of Inconel 718 
Forging and Plate in the B Heat Treatment Condition. 
Etchant: 92 HC1, 3 HNOj, 1/2 H s S0 4 


Figure 20 shown photomicrographs of Inconel 718 bar, forging, and plate in the c 
heat treatment condition. Recrystallization and grain growth occurred during the 
heat treatment, and the mici jstructural appearance, including grain size, were the 
same for all three forms. 

Electron micrographs of the bar, forging, and plate are shown in Fig. 21 for the 
1228 K (1750 F) annoaled, as-received condition; in Fig. 22 for the A heat treat- 
ment condition; in Fig. 23 for the B heat treatment condition; and in Fig. 24 for 
the C heat treatment condition. All of the electron micrographs are of transverse 
sections. 

A second phase is evident in the 1228 K (1750 F) anneal, as-received condition, 
and this phase appears essentially unchanged in amount and appearance when the 
rolled bar, forging, and plate were subsequently given the A heat treatment. This 
phase (s) is believed to be either the A 2 B Laves phase or the orthorhombic Ni 3 Cb 
phase with the latter believed to be most likely. 

The work of Eiselstein (Ref. 22) provides indirect evidence that the unidentified 
phase may be the Laves phase. Eiselstein developed a phase diagram that indicates 
that the Laves phase is stable for the 5-percent Cb + Ta composition in Inconel 718 
at temperatures below 1310 K (1900 F), and will go into solution above that tempera- 
ture. He developed a TTT diagram for Inconel 718, which was annealed at 1422 K 
(2100 F) for 3.6 ksec (1 hour) and water quenched, which indlated that the Laves 

phase would form after a 3.6 ksec (1-hour) aging treatment at 1200 to 1255 K 

(1700 to 1800 F), but that the NijCb phase would begin to form only after 18 ksec 
(5 hours) at 1200 to 1255 K (1700 to 1800 F). Eiselstein also presented a TTT 
diagram for Inconel 718, which was solution annealed at 1200 K (1700 F) for 7.2 
ksec (2 hours), which indicates that the Ni 3 cb phase would begin to form only 
after 18 ksec (5 hours.} to 36 ksec (10 hours) at temperatures between 1089 and 

1172 K (1500 and 1650 F) and does not form in 36 ksec (10 hours) at 1200 K (1700 F). 

Unfortunately, Laves phase formation was not included in this TTT diagram. There 
is no indication from these two TTT diagrams that the Ni^Cb phase would form during 
the 1228 K (1750 F), 3,6 ksec (1-hour) anneal given the as-received Inconel 718 in 
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Figur* 22 



Blactron Micrograph* of Inconal 718 in tha A Haat Traatmant 
Condition. Btchanti 92 HC1, 3 HNOj, 1/2 H 2 S0 4 (3000X) 
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Figure 23. 


Electron Micrograph* of Inconel 718 in 
Condition. Etchant*. 92 HC1, 3 HNOj, 


the B Heat Treatment 
1/2 H 2 S0 4 (3000X) 
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this program, but there 1* torn* indication that the Lava* phaaa would form during 
this annaal. Finally, Biaalitain indicated that tha Lavaa phaaa appaara aa a flat, 
irregular precipitate while tha NijCb phaaa typically appaara aa a needle-shaped 
precipitate in a Widmanstatten pattern, 

Evidence that the second phase in Pig. 21 and 22 is Nl 3 Cb comes from Muzyka and 
Maniar (Ref. 23), They annealed Inconel 718 for 3,6 ksec (1 hour) at various tem- 
peratures between 1214 and 1283 K (1725 and 1850 P) followed by a 991-894 K 
(1325-1150 F) aging treatment. The resulting microstructures appears similar 
those shown in Fig. 21 and 22. Muzyka and Maniar used selected area electron 
diffraction and identified a precipitate similar to the one in Fig. 21 and 22 as 
being Ni,jCb. They made no mention of the Laves phase; it is presumed that the 
Laves phase was not present or was there to a much smaller extent than the Ni^Cb 
phase. 

The phase in question is assumed to be the orthorhomic NijCb phase, and it will 
be so identified for the remainder of the discussion. 

Examination of Fig. 21 and 22 shows that the NijCb was somewhat discontinuous in 
the rolled bar, nearly continuous in the forging, and is dispersed in the plate. 
Thus, the as-received condition oi die: (1) rolled bar is duplex with somewhat 

discontinuous Ni^Cb, (2) forging is large grained with nearly continuous Ni^Cb, 
and (3) plate is fine grained with discontinuous NijCb,. 

During the 991-894 K (1325-11S0 F) aging treatment, coherent precipates of y* 
and y" form throughout the structure and are not resolved at the magnifications 
used. Thus, the microstructures appear about the same in the A condition as in the 
1228 K (1750 F) annealed, as-received condition. 

Figure 23 shows the electron microscopy of the bar, forging, and plate in the B 
heat treatment condition. Overaging caused coarsening and loss of coherency of the 
y* and y" precipitates, and these phases are resolved in the electron micrographs 
shown in Fig. 23. Coarsening of the Ni^Cb phase in all three electron micrographs 
is also evident. 



Figure 24 showi* the electron micrograph* for th* C heat treatment condition. 
Recrystallization, grain growth, and dissolution occurred during th« host treat- 
msnt, and th* resulting microstructures of th« bar, forging, and plate are all 
virtually the same. Figure 24 shows that the NijCb went into solution during 
the 1325 K (1925 F) solution anneal. A thin, intergranular, carbide film together 
with isolated carbide particles formed during the heat treatment. 

Solution of the Ni^Ch phase is consistent with Muzyka and Maniar (Ref. 23) who 
showed that the phase they Identified as Ni^Cb disappeared completely during a 
1311 K (1900 F) anneal. Both Muzyka and Maniar (Ref. 24) and fiisel stein (Ref. 23) 
showed that a carbide film formed during solution annealing at 1311 K (1900 F) and 
at 978-1089 K (1300-1500 F) , On the other hand, F.isenstein showed that the car- 
bide film would not form during aging after a 1200 K (1700 F) solution anneal. 

The electron microscopy of Inconel 71S in the 1297 K (1875 F) annealed condition 
(heat treatment D) and in the 1297 K (1875 F) annealed and aged condition (heat 
treatment E) is shown in Fig. 25 through 28. Figures 25 and 26 show the metal- 
lography of the rolled bar in the D and E heat treatment conditions, respectively. 

The annealing treatment was sufficient to recrystallize the material and place 
the Ni^Cb phase into solution. Carbide particles were observed in the electron 
micrographs . 

Figures 27 and 28 show the microstructures of the Inconel 718, 0.038 m (1-1/2 in.) 
forging and 0.013 m (1/2 in.) plate in the 1297, 1033-922 K (1875, 1400-1200 F) 
condition. There was a small amount of the NijCb phase present in the forging and 
a trace of Ni^Cb present In the plate. Comparison of Fig. 25 through 28 with Fig. 

20 indicates that finer grain size resulted from the 1297 K (1875 F) 600 seconds 
(10 minutes) anneal than was obtained from the 1325 K (1925 F) 1200 seconds (20 
minutes) anneal. 

The microstructuTes of the weld and heat affected zones of the Inconel 718 plate 
weldments are shown in Fig. 29 for the A heat treatment condition, in Fig. 30 for 
the B heat treatment, and in Fig. 31 for the C heat treatment condition. A dendritic, 
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Figure 2S. Optical and Electron Micrographs of Inconel 718 Rolled Bar 
in the 1297 K (1875 F) Solution Annealed Condition 
(Heat Treatment D). Etchant: 92 HC1, 3 HNO, 1/2 H 2 S0 4 
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Figure 26. Optical and Electron Micrographs of Inconel 718 Rolled Bar 
in the E Heat Treatment Condition. Etchant: 92 HC1, 

3 HNOj, 1/2 H 2 S0 4 
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Figure 27. Optical and Electron Micrographs of Inconel 718 Forging 
in the E Heat Treatment Condition. Etchant: 92 HC1, 

3 HN0-, 1/2 H„S0, 
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Figure 28. Optical and Blactron Micrographs of Inconel 718 Plate 
in the E Heat Treatment Condition, Etchant: 92 HC1, 

3 HN0 3 , 1/2 H 2 S0 4 
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Figure 30. Optical and Electron Micrographs of Welded Inconel 718 
Plate in the B Heat Treatment Condition. Etchant: 92 

3 HN0-. 1/2 H„S0, 










cored structure i* evident In the weld when In the A «nd B heat treatment condition*. 

The microstructurea of the wild in the C boat treatment condition appears similar 
to that for th# parant metal but with aomawhat smaller grain size and remnant* of 
dandritic aagragation. 

The electron micrographs of the weld metal with the A and B heat treatments show 
an almost continuous array of the phase assumed to be Ni^Cb. This phase can also 
be seen in the electron micrographs of the heat-affected zone of specimens with 
these same heat treatments and it is coarser and more continuous than in the parent 
metal. The heat-affected zone also contained NljCb needles in the typical Widmanstatten 
pattern . 

Electron micrographs of parent metal, weld metal, and heat-affected zone all appear 
similar for weld specimens with the C heat treatment. Intergranular carbide films 
and isolated carbide particles can be seen. 

Electron fractography examination was performed on Inconel 718 WOL specimens tested 
in high-pressure hydrogen environments in Phases II and V. The results of this 
examination are given in this section rather than in the Phase II and V sections 
because of their pertinence to the extensive microscopy in this section. 

Figure 32 shows the fracture of an Inconel 718 WOL specimen tested in the A heat 
treatment condition. The fracture is complex but it is evident that the primary 
failure mode is transgranular cleavage. A small percentage of the fracture appears 
to be intergranular cleavage and some secondary cracking is present, which also 
appears to be intergranular. Large cleavage facets such as that shown in the lower 
right fractograph in Fig. 32 were shown to have higher than average bulk concentra- 
tions of coltunbium by energy dispersive X-ray analysis. The high concentration of 
columbium suggests that theso areas are Ni^Cb. 

The fractography of an Inconel 718 WOL specimen tested in hydrogen in the F heat 
treat condition is shown in Fig. 33. This fracture is completely Intergranular 
with virtually no indication of ductility. The F heat treatment is the same as 
the C heat treatment except that the solution anneal was extended for a longer 
period to develop a larger grain size (ASTM 3-1/2) in order to simulate the grain 

size expected in the SSMB Inconel 718 forgings. 
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Figure 32. Scanning Electron Proctography of Inconel 718 WOL 
Specimen Tested in 34. S MN/m? (5000 psi) Hydrogen 
in the A Heat Treatment Condition 
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Figure 33. Scanning Electron Fractograph of an Inconel 718 WOL 
Specimen Tested in 68.9 MN/m* (10,000 psi) Hydrogen 
in the F Heat Treatment Condition * 

The characteristic differences, discussed above, among the microstructures of the 
Inconel 718 rolled bar, forging, and plate with the various heat treatments can 
be related, at least qualitatively, to the degree of embrittlement by the high- 
pressure hydrogen environment. The least embrittled microstructure (i.e., the 
plate with the A heat treatment) was fine grained with discontinuous particles 
of the phase tentatively identified as Ni^Cb. The most embrittled microstructure 
(i.e., the rolled bar and forging with the A heat treatment) was either relatively 
large grained or a duplex structure of small and large grains with, in both cases, 
semi continuous mainly intergranular Ni^Cb in the structure. Electron fractography 
examination also suggests that the fracture in hydrogen largely follows the Ni^Cb 
phase. 

Tho C heat treatment resulted in a large grain size, the elimination of NijCb, the 
presence of carbide particles and inter metal lie films and intermediate embrittle- 
ment for the rolled bar, the forging, and the plate. The B overaging heat treatment 
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coarsened the NijCb and the i|i hardening precipitate but did not significantly 
chang# embrittlement from that for the A heat treatment. Thla lack of aanaltivity 
of embrittlement to overaging indicataa that tha dagraa of hydro gen-environment 
ambrittlamant it not atrongly influancad by tha aga hardanlng pracipitata she, 
morphology, or coharancy. 

It thus appaars that tha least embrittled microstructure is one that is fine 
grained with dispersed NijCb. A fine-grained structure can be achieved only by 
severe working of the ingot and is not always feasible in large forgings. It 
is not clear which is the most important, dispersed NljCb or fine grain site. 

Removal of the NijCb phase by the C heat treatment decreased embrittlement of 
the relatively large grained material. Increasing the grain size while removing 
the NijCb phase increased embrittlement of the fine-grained material. It could, 
therefore, be postulated that the optimum heat treatment may be the lowest time- 
temperature anneal to place the Ni^Cb into solution and avoid grain growth. 

On this basis, specimens were solution annealed at 1297 K (1875 F) for 600 seconds 
(10 minutes) followed by the standard 1033-922 K (1400-1200 F) aging treatment 
(heat treatment E). Table 12 summarizes the results of the metallography exam- 
ination and tensile properties of these three Inconel 718 forms when in the C 
and E heat treatment conditions. Grain size comparison with the 1325 K (1925 F) 
1200-second (20 minutes) annealed and aged specimens shows that grain growth was 
certainly minimized by the 1297 K (1875 F) 600-second (10 minutes) anneal. As 
indicated above, the 1297 K (1875 P) 600-second (10 minutes) anneal was not success- 
ful for complete elimination of NijCb in the forging and plate. 

Examination of the results in Table 12 indicates that the finer grain size resulting 
from E heat treatment had little or no effect on the hydrogen -environment embrittle- 
ment. For the forging material, the slightly greater hydrogen-environment embrit- 
tlement with the B heat treatment may have been caused by the presence of NijCb. 

The results of this study suggest that the benefit of fine-grain size for the 
0.013 m (1/2 in.) plate in the A condition occurred because of the comparatively 
very fine-grain size of this material. 
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TABLE 12. AVERAGE NOTCHED TENSILE PROPERTIES OF INCONEL 718 
IN 34. S Mi/» 2 (5000 psi) Hj AND He 




PHASE V. FRACTURE CHARACTERISTICS OF INCONEL 718 
IN HYDROGEN AS A FUNCTION OF TEST VARIABLES 

The effect of temperature end hydrogen pressure on the fracture mechanics proper- 
ties of Inconel 718 were determined with the following measurements : (1) K i( , and 

at ambient temperature in Q.QOP MN/m 2 (10 p»i) and 69 MN/m 2 (10,000 psi) 
hydrogen and at 200 K (-100 F) in 34.5 MN/m 2 (5000 psi> hydrogen, and (2) 
cyclic load crack growth rat-* aa a function of stress intensity (da/dN versus Kj.) 
at ambient temperature in 0.069 MN/m 2 (10 psi), 34,5 MN/m 2 (5000 psi) and 63.9 
MN/m 2 (10,000 psi) hydrogen and in 34.5 MN/iu 2 (5000 psi) helium environments and 
at 200 K (-100 F) in 34.5 MN/m 2 (5000 psi) hydrogen. The ambient-temperature Kj C 
and measurements were performed on compact tension specimens (Fig. 2). The 
ambient-temperature cyclic crack growth measurements were performed on TDCB spec- 
imens (Fig. 4). The cryogenic-temperature and cyclic crack growth measurements 
were performed on WOL specimens (Fig. 3). The specimens were all fabricated from 
the 0.041 m (1-5/8 in.) Inconel 718 forging (Table 1) and were in the F heat treat- 
ment condition. 

The results of the ambient- temperature Kjq and lC^ measurements are tabulated in 
Table 13. The ASTM K JC (Ref. 14) requirements were not met for these tests be- 
cause was >1.1 Kq. The very high value of 222 MN/m 2 vln (202 ksi /InT) obtained 
at ^tax on s P dcimen No * T2 WftS du * t0 crRck k* ftnchin 8 immediately at onset of 
crack^rowth in the 69 MN/m 2 (10,000 psi) hydrogen environment . The average value, 
103 MN/m 2 vfiT (94 ksi /InT), ot KqObtained in 69 MN/m 2 (10,000 psi) hydrogen was 
about the same as the 110 MN/m 2 /fn (100 ksi /HD value obtained in Phase II in 
34,5 MN/m 2 (5000 psi) hydrogen. The values of Kq obtained in 0.069 MN/m (10 psi) 
hydrogen were, however, greater than the value of Kq, 119 MN/m 2 /m (108 ksi /in . ) , 
obtained in 34.5 MN/m 2 (5000 psi) helium. The small side groove in the WOL speci- 
mens used in the Phase II tests may account for the lower stress intensity value 

at Kq, 
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TABLE 13. RESULTS OF AMBIENT TEMPERATURE FRACTURi 
ON INCONEL 718 COMPACT TENSION SPi 
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AMBIENT TEMPERATURE FRACTURE MECHANICS MEASUREMENTS 
Ml 718 COMPACT TENSION SPECIMENS 
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After the maximum "failure" load (see page 14) was reached, each specimen was held 
under COD control and the crack allowed to propagate until the crack arrested at 
K th > Crack growth was very rapid during the sustained- load part of the tests con- 
ducted in 69 MN/m 2 (10,000 psi) hydrogen. A « TH value of 48 MN/m 2 A (44 ksi An?) 
was obtained for one of the specimens tested in this environment. The crack 
length of the second specimen was too long and close to the specimen end for an 
accurate IC^ measurement, The one value obtained is slightly higher than the 
41 MN/m 2 /U (38 ksi An, ) value previously reported for in 34.5 MN/m 2 (5000 
psi) hydrogen environment. The at various hydrogen pressures was more exactly 
determined in Phase VIII of this program. 


2 

Figure 34 shows the fracture of a specimen 'tested in 0,069 MN/m (10 psi) hydrogen. 
Sustained load crack growth was very slow and restricted to the inner portion of 
these specimens, the dark color of the sustained- load crack growth region is char- 
acteristic of fractures severely embrittled by hydrogen. Scanning electron fract- 
ography, however, showed the fracture to be predominately ductile. Because of the 
very irregular shape of the crack front and the long crack lengths at K final, the 
accuracy of the K_„ values obtained in 0.069 MN/m 2 (10 psi) hydrogen are questionable. 


Threshold stress intensity measurements performed on Inconel 718 WOL specimens 
exposed to 34.5 MN/m 2 (5000 psi) helium and hydrogen environments at 200 K (-100 F) 
are tabulated in Table 14. The specimen tested in helium was loaded to above the 
S-percent secant intercept, but below the point at which the load declines with 
increasing crack opening displacement. There was a small load decline soon after 
the specimen was loaded which may have been more the result of stress relaxation 
at the crack tip than crack extension. The stress intensity at the 5-percent 
secant offset was ISO MN/m 2 >/in“ (136 ksi y/in.) , which is above the maximum stress 
intensity that meets ASTM plane strain conditions for 0.0254 m (1.0 in.) thick 
specimens . 


Very slow sustained- load crack extension occurred in the Inconel 718 specimens 
exposed to hydrogen at 200 K (-100 F), The threshold stress intensity was not 
obtained because of the very slow rate of crack extension and because the stress 
intensity did not decrease during the long period that specimen T2 was under load, 
although there was some crack extension during the hold period. Therefore, 
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200x 


Figure 34. Scanning Electron Fractographs of, an Inconel 718 
WOL Specimen Tested In 0.069 MN/nr (10 psl) 
Hydrogen 




TABLE 14. RESULTS OF FRACTURE MECHANICS MEASUREMENTS 
TESTED IN 34.5 MN/m 2 (5000 PSI) H 2 AND He 
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for Inconel 718 at 200 K (-100 F) in 34.5 W/m 2 (5000 pel) hydrogen must be less 
then 47 MN/m 2 (43 ksi /in.), Thi* i* near the value, 42 MN/m 2 /m (38 ksi 
/In.), for Inconel 718 exposed to 34.5 MN/m 2 (5000 psi) hydrogen at ambient temper- 
ature. Thus, may be nearly the same at 200 K (-100 F) as it is at ambient 
temperature, but the rate of crack extension is considerably slower at 200 K (-100 F) 
than it is at ambient temperature. at .144 K (-200 F) was shown in Phase II to 
be 125 MN/m 2 /m (112 ksi /In.) for Inconel 718 in the same heat treatment condi- 
tion and exposed to 34.5 MN/m 2 (5000 psi) hydrogen. This large increase of measured 
K™. from 200 K (-100 F) to 144 K (-200 F) may be partly the result of decreased rate 
of crack extension with decreasing temperature, and the real value for in hydro- 
gen at 200 K (-100 F) may therefore, be lower than 125 MN/m 2 /in (112 ksi /In.). 

The results of the cyclic -load crack growth measurements performed at ambient tem- 
perature on Inconel 718 TDCB specimens are plotted in Fig. 35 for tests performed 
in 34.5 MN/m 2 (5000 psi) helium and 68.9 MN/m 2 (10,000 psi) hydrogen, in Fig. 36 
for tests performed in 34.5 MN/m 2 (5000 psi) hydrogen, and in Fig. 37 for tests 
performed in 0.069 MN/m 2 (10 psi) hydrogen. For comparison purposes, the 34.5 MN/m 
(5000 psi) helium curves are included in Fig. 36 and 37 .Figure 38 summarizes the 
cyclic crack growth of Inconel 718 by including all of the curves (without data 
points) shown in Fig. 35 through 37. 

The data show that the cyclic crack growth rate in Inconel 718 is faster in 
hydrogen than in helium. The influence of hydrogen on the cyclic crack growth 
rate increased with increasing hydrc^n presc'jre, Even the 1.0-cps data obtained 
in 0.069 MN/m 2 (10 psi) hydrogen indicate a measurable increase of crack growth 
rate compared to that in helium, Comparison of the curves in Fig. 38 shows that 
the hydrogen environments had the greatest effect on the cyclic crack growth rate 
in Inconel 718 when the tests were performed at 0.1 cycle/sec compared to the 
standard cyclic rate of 1.0 cycles/sec used in this program. The crack growth 
rate per cycle at 0.1 cycle/sec was about five times faster in 0.069 MN/m 2 (10 psi) 
hydrogen and about 25 times faster in 68.9 MN/m 2 (10,000 psi) hydrogen compared to 
helium at 34.5 MN/m 2 (5000 psi) for the lowest stress intensity range, 55 MN/m 2 
(50 ksi /In7), tested at this cyclic rate. 
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Figure 35. Cyclic Crack Growth Rate as a Function of Stress Intensity 
Range for Inconel 718 Exposed to 34. S MN/jir (S000 psi) 
Helium and 68.9 Wi/nr (10,000 psi) Hydrogen Ambient 
Temperature Environments 
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Figure 36. Cyclic Crack Growth Rata as a Function of Strass Intensity Range 
for Inconel 718 Exposed to 34. S MN/m 2 (5000 psi) Helium and 
34.5 W/m 2 (5000 psi) Hydrogen Ambient Temperature Environments 
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Figure 38. Cyclic Creek Growth Ret# as a Function of Stress Intensity Range 
for Inconel 718 Exposed to 34. S MN/nr (5000 psi) Helium and 
0.069 IW/m 2 (10 psi), 34.5 MN/m 2 (5000 psi), and 68.9 W/m 2 
(10,000 psi) Hydrogen Ambient Temperature Environments 


The increase of cyclic crack growth rat# duo to the hydrogen environments decreased 
with increasing »tm» intimity for all hydrogin pressures and cyclic rates tostad. 
Above 110 WJ/m 2 y/n (100 ksi \^n . ) itreas intimity range, the crack growth rate 
was las* than or equal to the crack growth rate in helium when the tests were con- 
ducted at 1.0 cycle/sec, At 0.1 cycle/sec, there was still a sizeable effect of 
2 

68.9 MN/m (10,000 psi) hydrogen environment on the crack growth rate at a stress 
intensity range of 117 MN/m 2 V^" (106 ksi Viii,). For the 0.069 MN/m 2 (10 psl) 
tests, the cyclic crack growth rate was about the same at 1.0 and 0.1 cycles/sec 
when cycled at 88 MN/m 2 \Zm~(80 ksi Vin.) stress intensity range. 

Figure 39 is a plot of the crack growth rates in Inconel 718 exposed to 68.9 MN/m 2 

(10,000 psi) hydrogen and cycled at 1.0, 0.75, 0.50, 0.2S, and 0.1 cycles/sec at 

54.7 MN/m 2 VfiT(49.7 ksi ^in.) stress intensity range. The crack growth rate 

in 34.5 MN/m 2 (5000 psi) helium at 54.7 MN/m 2 VGT(49.7 ksi >/in.) stress intensity 

range is also included for comparison purposes. The data in Fig. 39 show that the 

crack growth rate increases with the time per cycle and that the cyclic crack 

2 

growth rate in 68.9 MN/m (10,000 psl) hydrogen would approach the rate in helium 
at cyclic rates greater than 1 cycle per second. 

Recently, Wei and co-workers (Ref. 24) measured the cyclic crack growth rate at 
5 cycles per second in Inconel 718 in 0.133 MN/m 2 (10“ 3 torr, 19.3 psia) hydrogen 
at S76, 296, and 221 K (577, 73 and -62 F), and in argon at 297 K (75 F), and 
showed no hydrogen effect on the cyclic crack growth rate. Their specimens were 
fabricated from 0.0032 m (1/8 in.) plate and were in the 1255, 991-894 K (1800, 
1325-1150 F) heat treatment condition which is essentially equivalent to heat treat- 
ment A (Table S). The lack of embrittlement observed by Wei and co-workers is 
probably due to the combination of low hydrogen pressure and high cyclic test rate. 

The data in Fig. 39 show that the function between time per cycle and crack growth 
rate is complex, and could not be expressed as the summation of the cyclic crack 
growth rate in helium and the sustained- load CTack growth rate in 68,9 MN/m 2 
(10,000 psi) hydrogen. This summation theory has been proposed by Wei and Landes 
(Ref. 25) to explain cyclic load crack growth in reactive environments. 
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Figure 39. Ambient Temperature Cyclic Creek Growth Rate a* a Function of o 
Cyclic Rate for Inconel 718 Specimen No. 6 Exposed to 68.9 MN/m 
(10,000 psi) Hydrogen at Stress Intensity Range of 54.7 MN/m* 
ft (49.7 ksi yTnO 














Wei and Landes proposed that cyclic crack growth In an aggressive environment is 
oqual to the sum of the rate of fatigue crack growth in an tnart environment and 
sustained- load crack growth in tha aggraaiiva environment, Gallaghar (Raf. 26) 
•howad that Wai and Landes summation theory adaquataly daacribad fatigue crack 
propagation of AISI 4340 in *alt watar. Racantiy, Nelson, Tetelman, and Williams 
(Raf. 27) showed that tha crack growth rata in Ti-SAl -2 . 5 Sn in 0.101 MN/m 2 (1- 
atmosphore-presaure) hydrogen can be expreaaed as tha sum of austainad-load crack 
growth rata in hydrogen and cyclic load crack growth rate in 0.133 NM/m 2 (10 
torr) vacuum. 

Quantitative sustained- load crack growth rates are not available for Inconel 718 
exposed to high-pressure hydrogen environments. Comparison with the sustained-load 
crack growth during measurements (Phase VIII below) would, however, indicate 
that tha sustained- load crack growth rata of Inconel 718 in 34.5 MN/m 2 (5000 psi) 
hydrogen is considerably faster than would be indicated by the data shown in Fig. 

37, assuming Wei and Landis summation theory to be applicable. 

The results of the cyclic-load crack growth measurements performed on Inconel 718 
WOL specimens exposed to 34.5 MN/m 2 (5000 psi) hydrogen at 200 K (-100 F) are 
plotted in Fig. 40. The data shows a greater degree of scatter than was obtained 
at ambient temperatures on Inconel 718 TDCB specimens, The difference in data 
scatter is probably the result of the different specimen types. For the WOL speci- 
mens, the stress intensity increases continuously with increasing crack length and 
for each cyclic Increment, the average stress intensity during that period is 
assumed. For the TDCB specimen, the stress intensity remained constant with crack 
length and the cyclic crack growth rate can be well established before proceeding 
to a higher stress intensity. 

Comparison of the crack growth rates in Fig. 38 and 40 shows that the rate of crack 
extension was about the same in 34.5 MN/m 2 (5000 psi) hydrogen at 200 K (-100 F) 
as in 34.5 W/m 2 (5000 psi) helium at ambient temperature. The cyclic crack growth 
measurements performed by Wei and co-workers (Ref. 24) showed that the cyclic crack 
growth rate decreased with decreasing temperature in Inconel 718. Thus, the simi- 
larity between the cyclic crack growth rates in hydrogen at 200 K (-100 F) and in 


104 


MICROMETERS/ CYCLE 





helium At ambient temperature does not necessarily mean that there wee no hydrogen 
environment el effect on crack growth *t 200 K (-100 F) etnee the creek growth rote 
in helium mey be slower et 200 K (-100 F) then et embient tomperatures. 

PHASE VI. PRACTURE MECHANICS PROPERTIES OF A PRESSURE 
VESSEL STEEL IN HIGH-PRESSURE HYDROGEN 

The tensile properties, K JC , IC^, end rata of creek extension during cyclic loading 
was determined for ASTM A-533-B steel exposed to 103.4 MN/m 2 (15,000 psi) hydrogen 
and helium environments. The fracture mechanics testing was performed with 0.0254m 
(1 in.) thick compact tension specimens for the K JC and measuremtr.es and with 
TDCB specimens for the cyclic loading crack growth rate measurements, 

The tensile test results art tabulated in Table IS. The degree of embrittlement of 

the notched specimen is consistent with the H 2 /He notch strength ratio of 0.78 

obtained previously (Ref. 28) in 68.9 MN/m 2 (10,000 psi) hydrogen, for ASTM A-533-B 

material. The reduction of unnotched specimen ductility is also about the same as 

2 

obtained previously in 68.9 MN/m (10,000 psi) hydrogen, but the strength decrease 
of the unnotched specimen IUH-3 was larger than expected. 

2 

The results of tests performed on A-S33-B compact tension specimens in 103 MN/m 
(15,000 psi) helium and hydrogen environments are tabulated in Table 16. The tests 
were performed in the same manner as the compact tension tests on Inconel 718 speci- 
mens discussed in Phase V. The results in Table 16 indicate that plane strain K IC 
values were not obtained on the A-533-B specimens. That is, the 0.0254 m (1.0 in.) 
specimens were not sufficiently thick to meet plane strain requirements. The nom- 
inal stresses at Kp were also higher than the yield strength of A-S33-B. The stress 
intensities at K mftX were greater than 1.1 times Kp and, therefore, the recent mod- 
ification of the ASTM Kp requirement was not met for any of the tests. The cyclic 
crack growth measurements reported below show that 103 MN/m 2 (15,000 psi) hydrogen 
environment considerably accelerates the rate of cyclic load crack growth at stress 



TABLE 15. TENSILE PROPERTIES OF ASTM A-533-B (ASTM A- 302 Gr B, NICKEL MOP T FI ED} 
STEEL IN 103.4 W/m (15,000 PSI) HYDROGEN AND HELIUM ENVIRONMENTS 
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TABLE 16. RESULTS OF AMBIENT TEMPERATURE FRACTURE M* 
ON ASTM A-533B COMPACT TENSION SPECIMEN 
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IIENT TEMPERATURE FRACTURE MECHANICS MEASUREMENTS 
L5B COMPACT TENSION SPECIMENS 
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intensities as low as 22 MN/m 2 ^nT (20 ksi ^IfT. ). Thus, It would be expected that 
crack extension accompanied plastic deformation at the Kq values obtained during the 
103 MN/m 2 (15,000 psi) hydrogen- environment tests. The Kq values obtained in hydro- 
gen were significantly less than the value obtained in helium, which tends to indi- 
cate that hydrogen induced crack extension at Kq did occur. 

Sustained load crack growth of A-S33-B in hydrogen occurred predominately at the 
inner region of the specimen, and there was very little, if any, crack extension 
along the sides. One possibility is that the excess plastic deformation present 
at K „ blunted the crack, thus inhibiting crack extension except at the inner 
high triaxial restraint region. To confirm this, specimen No. 2 was loaded to 
the 10-percent secant intercept, rather than to the failure load, and then placed 
in COD control to crack arrest. The crack extended only an average of 3.7 x 10" 6 m 
(0.014 in.) during the test, and it would, therefore, seem that the excessive plastic 
deformation at K does not account for the lack of sustained- load crack growth 

ui&X 

at the specimen sides. 

The greatest sustained- load crack extension occurred on specimen No. 2, but there 
was virtually no crack growth along the specimen sides and the deviation of crack 
length from the average crack length was 38 percent. of specimen No. 1 deter- 
mined from compliance measured crack length was 64 MN/m z \ZnT (58 ksi Vin.). This 
difference is due to the irregularity of the crack front and the compliance deter- 
mined crack length should better represent the effective crack- length. 

It would, therefore, appear that appreciable sustained -load crack growth occurs 
in ASTM A-533-B in hydrogen only under plane strain conditions and can be 
measured only on specimens that are appreciably thicker than the 0.025 m (1.0 in.) 
compact tension specimens. 
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The strength ratio R gc is the ratio of the nominal stress at K max to the material's 
yield strength, and according to ASTM E-399 is to be computed whenever the Kq plane 
strain requirement is not met. The stress at K max was almost twice yield for all 
but specimen No. 2, which was not loaded to the "failure" load. 

The cyclic load crack growth rates obtained on ASTM A-533-B specimens exposed to 
103.4 MN/m 2 (15,000 psi) hydrogen and 103.4 MN/m 2 (15,000 psi) helium environments 
at ambient temperature are plotted in Pig. 41 , Comparison of the two curves in 
Fig. 41 indicates that the hydrogen environment considerably accelerates the cyclic 
crack growth rate in ASTM A-533-B steel. The crack growth rates were about 20 times 
faster in hydrogen than in helium over the entire stress intensity range for which 
testing was performed. 

PHASE VII. CYCLIC CRACK GROWTH IN HY100 STEEL 
IN HIGH-PRESSURE HYDROGEN 

The effect of high-pressure hydrogen environments at ambient temperature on cyclic 
crack growth rates was determined for the HY100 steel. Two series of tests were 
performed to determine cyclic crack growth rates as a function of stress intensity 
in 51.7 MN/m 2 (750 psi) helium mid hydrogen environments. A third series of tests 
were performed at one stress intensity range, 54.7 MN/m 2 y/riTite.l ksi >/In.), 
while the specimen was exposed to hydrogen at pressures ranging from 0.101 MN/m 
(1 atmosphere) to 103.4 MN/m 2 (15,000 psi). 

Figure 42 shows the results of the cyclic-load crack growth measurements performed 
on HY100 specimens. Specimens No. 1 and 2 were tested in both hydrogen and helium 
environments, with the tests conducted in helium first. For specimen No. 1, the 
data obtained in hydrogen progressed from the higher stress intensity ranges to 
lower stress intensity ranges. Because of the rapid crack extension in hydrogen, 
the overload condition existing at the beginning of testing at each stress intensity 
range was quickly eliminated. It was observed, however, that the load range could 
be reduced only a limited amount, 5.5-11 MN/m 2 /m (5-10 ksi /in"." 1 ) for the crack to 
extend immediately at the beginning of each reduced stress intensity series. 


no 


a 


_< 

Bioo 

s» 

5 40 


I CYCLES 

SYMBOL SPECIMEN ENVIRON- »r 
NUMBER MENT 


HYOROGEN 1.0 
HYDROGEN 1.0 
HELIUM 1.0 


100 KSt MrT 


STRESS INTENSITY RANGE ( AK) 


Figure 41. Cyclic Crack Growth Rate as a Function of Stress Intensity for 
ASTM A-533:B Exposed to 103.4 MN/m^ (15,000 psi) Helium and 
103.4 KN/nr (1S,000 psi) Hydrogen Ambient Temperature Environments 
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Figure 47, Cyclic Creek Growth Rate as a Function of Stress Intensity Range 
for HY100 Exposed to SI. 7 W/m 2 (7S00 psi) Helium and SI. 7 W/m z 
(7S00 psi) Hydrogen Ambient Temperature Environments 
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After completing the cyclic* load crack growth measurements in helium on specimen 
No. 2, the crack was extended by cycling in hydrogen at a stress intensity less than 
the lawest stress intensity for crack growth measurements. Thus, all of the hydro- 
gen data on specimen No. 2 were obtained in the usual manner by load cycling at 
progressively higher stress intensities. 

The results of the cyclic-load crack growth measurements indicate that the 51.7 
MN/m (7500 psi) hydrogen environment considerably increases the crack growth rate 
over the entire range of stress intensities at which measurements were made. The 
cyclic-load crack growth curves shown in Fig, 41 for HY100 are similar to those 
shown in Fig. 40 for ASTM A-S33-B. The eye lie -load crack growth rate is about 20 
times faster in hydrogen than it is in helium at the higher stress intensity ranges. 

2 

Figure 43 shows the effect of hydrogen pressures ranging from 0.101 MN/m (1 atm) 
to 103.4 MN/m 2 (15,000 psi) on the cyclic crack growth rate in HY100 when cycled 
at 54.7 MN/m 2 >/m* (49.7 ksi Vin.) stress intensity range. The cyclic crack growth 
rates increased with increasing hydrogen pressure with no indication of leveling 
out at the higher hydrogen pressures. Plotting the data on log-log or as square 
roots did not result in straight-line curves. 

The hydrogen environment appeared to increase the cyclic crack growth rate even 

^ 2 

at the lowest hydrogen pressures tested. The cyclic crack growth rate in 51.7 MN/m 

(7S00 psi) helium was about 0.38 micrometers/cycle (15 microlnches/cycle) (Fig. 42) 

when cycled at 54.7 MN/m 2 y/m (49.7 ksi \ZIiT.) stress intensity range. This is 

considerably lower than the cyclic crack growth rate obtained in hydrogen at 0.101 
2 

MN/m (1-atmosphere pressure). 

An attempt was made to determine the sustained- load threshold stress Intensity 
in 51.7 MN/m 2 (7500 psi) hydrogen. On completion of the cyclic load testing in 
hydrogen, specimen No. 1 was loaded to 140 MN/m 2 y/n (127 ksi stress inten- 

sity and significant sustained- load crack extension did not occur. The specimen 
was then unloaded and reloaded to 147 KW/m 2 y/m (134 ksi Vin*) sustained-load 
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crack growth occurred for about 4680 seconds (SO minutes), at which time it was 
evident that crack growth had stopped at a stress intensity of 133 MN/m 2 \/m" 

(121 ksl /in.)* During this period, the crack extended an average of 0.0076 m 
(0.3 in.). Examination of the fracture showed that sustained-load crack extension 
was not uniform across the fracture and was about 0.0160 m (5/8 in.) along the 
edges and 0.0032 m (1/8 in.) in the middle. There was a discontinuity perpendic- 
ular to the plane • f the fracture in this region and that may have Inhibited 
sustained- load crack growth in the center of the fracture. 

A comparative test was not performed on ASTM A-533-B TDCB specimen, but as was 
reported in Phase VI, sustained- load crack extension in ASTM A-S33-B compact ten- 
sion specimen was almost entirely in the innev region with almost no growth along 
the specimen sides. The side grooves in the KY100 TDCB specimen would increase 
the plane strain restraint along the edges and, therefore, may account for the 
greater crack extension at the edges. However, the apparent discontinuity at the 
specimen center would seem to offer a more likely explanation for the predominant 
crack growth along the fracture edges. 

PHASE VIII. MECHANISM OF HYDROGEN- ENVIRONMENT EMBRITTLEMENT 

Crack arrest measurements (K^) were performed on Inconel 718 and ATRI 4340 low 
alloy steel specimens exposed to hydrogen at various pressures. Crack arrest 
measurements were selected for this investigation because at crack arrest, equi- 
librium exists between the hydrogen in the gas phase, at the crack tip, and the 
hydrogen adsorbed on the metal surface or absorbed in the affected surface layer. 
Thus, equilibrium crack extension measurements in hydrogen should be independent 
of the transport processes involved in the transfer of hydrogen from the gas phase 
to the embrittling location on or in the metal, The change of stress intensity 
at crack arrest due to the hydrogen environment is, therefore, a measure of the 
embrittling condition and is independent of the reactions involved with obtaining 
this condition. 
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Mechanisms that have been postulated (R*f, 12) for explaining hydrogen -environment 
embrittlement of metals ares (1) reduction of itrain energy needed to initiate 
and propagate a crack by the energy evolved during adsorption of hydrogen on the 
metal surface, (2) reduction of the bond strength of the metal lattice because 
of the presence of absorbed hydrogen, and (3) reduction of surface ductility because 
of the presence of adsorbed or absorbed hydrogen. 

The relationship between and hydrogen pressure should clarify the role of 
adsorbed and absorbed hydrogen on hydrogen-environment embrittlement. Beeck et al . 
(Ref. 29) and Porter and Tompkins (Ref. 30) have shown that a saturated chemisoibed 
surface hydxogen layer is obtained on nickel and iron surfaces exposed to hydrogen 
at pressures considerably less than 0.101 MN/m^ (1 atm). On the other hand, the 
solubility (Ref. 31) of hydrogen in iron and nickel increases with increasing 
hydrogen pressure according to Sievert’s square root of pressure relationship. 
Therefore, the stress intensity at crack arrest should be virtually independent 
of hydrogen pressure for a hydrogen-adsorption-dependent mechanism and would increase 
as the square root of hydrogen pressure for a hydrogen-absorpt ion-dependent mechanism. 


The measurements were performed on AISI 4340 WOL specimens and Inconel 718 WOL 
and TDCB specimens. The Inconel 718 specimens were in the F heat treatment condi- 
tion, and were fabricated from the 0.0041 m (1-5/8 in.) forging. The AISI 4340 
specimens were tested in the vessel shown in Pig. 8, using either the loading 
column described in Fig. 9 or electrohydraulic control to maintain a constant COD. 
The Inconel 718 WOL and TDCB specimens were tested in the vessel shown in Fig. 7 
with electrohydraulic control maintaining a constant COD. 

AISI 4340 


The initial tests on AISI 4340 were performed such that each specimen was exposed 
to only one hydrogen pressure. The results of these tests are tabulated in Table 
17, Examination of the data in Table 17 indicates that for a given set of test 
conditions, there was a greater difference of between specimens that between 
repeated tests on the same specimens, 
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TABLE 17. RESULTS OF CRACK ARREST MEASUREMENTS ON AJSI 4540 WOL SPECIMENS 
TESTED IN HYDROGEN AT AMBIENT TEMPERATURE AT VARIOUS PRESSURES 
















































Subsequent testing was then conducted by performing repeated crack arrest measure- 
ments on the same specimen at various pressures until the crack length was too 
long for accurate measurements. These tests results are plotted in Fig. 44. it 
can be seen from these results that the strers intensity at crack arrest decreases 
slightly with Increasing hydrogen pressure, The data indicate the stress intensity 
at crack arrest is approximately proportion *1 to hydrogen procure to the 0.076 
power. 

Crack arrest was assumed to occur when the load versus time strip chart recording 
became horizontal (no further decrease of load with time). The rate of crack 
growth approaching crack arrest for one of the specimens is plotted in Fig. 45, To 
conserve the specimens, they were loaded to stress intensities only slightly above 
thus relatively few data points were obtained at each pressure. It is evident, 
however, that the crack growth rates decrease much more rapidly with decreasing 
stress intensity at the higher hydrogen pressures than at the lower hydrogen pres- 
sures. Extrapolation of the crack growth rate data Indicates that the curves 
would meet at a crack growth rate of approximately 4.2 nm/s (10 m in. /min) and 
a stress intensity of approximately 9.9 MN/nr dST (9 ksi /in. ) . 

The purging treatment for the series of tests shown in Fig. 44 consisted of a 

series of evacuations to <20 microns and backfillings to the lowest test pressure. 

2 

Prior to performing each subsequent test at pressures greater than 0.34 MN/m 
(50 psia), the vessel was pressurized-depressurized between the next test pressure 
and about 0.34 MN/m 2 (SO psia). It could be postulated that because the purging 
treatments at r.c higher pressures were more effective, the impurities (air) pre- 
sent in the hydrogen were less concentrated at the higher hydrogen pressures and 
this, in turn, resulted in a lower at the higher hydrogen pressures. To test 
this, crack arrest measurements were performed on specimen No. 14 at 0.34 MN/m 2 
(50 psi) and 0,034 MN/m 2 (5 psi) hydrogen pressures following the series of increas- 
ing pressure tests to 34.5 MN/m 2 (5000 psi). The results are contained in Fig. 44 
and 45. There was no difference in the stress intensity at crack arrest between 
the increasing and decreasing pressure tests, but the crack growth rates just pro- 
ceeding crack ‘arrest were somewhat slower for the decreasing pressure tests than 
for the increasing pressure tests. 
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Figure 45. Sustained Load Crack Growth Rate in AISI 4340 WOL 
Specimen No. 14 as a Function of Stress Intensity 
at Vatious Hydrogen Pressures 




Nelson end Williams (Ref. 32) have performed an extensive series of sustained- 
load crack extension measurements on AIS1 4130 steel in low-pressure hydrogen en- 
vironments at various temperatures. Their tests were performed on TDCB specimens, 
heat treated to Rc 47, which is the same hardness as the AISI 4340 WOL specimens 
in this program. They performed ambient-temperature (297 K, 75 F) measurements at 
0.0025, 0.0112, 0.03333, and 0.0773 MN/m 2 (0.36, 1.62, 4.8, and 11.2 psia) hydrogen 
pressures at crack growth rates from 10" 4 to 10“ 8 m/s (236 to 0.023 x 10“ 3 in./ 
min). Thus, the test conditions for the tests performed by Nelson and Williams 
were similar to those in this program. The stress intensity at the lowest crack 
growth rate measured by Nelson and Williams was about 19 MN/m 2 /m (17 ksi /TnT) 
at 0.0773 MN/m 2 (11.2 psia ) hydrogen pressure and about 21 MN/m 2 /ST (19 ksi ✓in'.) 
at 0.0333 MN/m 2 (4.8 psia) hydrogen pressure. Thus, the stress intensities 
were about 5 MN/m 2 vln (4 . S ksi /TnT) higher for the AISI 4130 steel than for the 
AISI 4340 steel. The stress intensity at a crack growth rate of 1 x 10’ 6 m/sec 

(2.36 x 10“ 3 in. /min) was proportional to P u °* 2 . 

h 2 

The quantitative agreement between the data obtained on AISI 4130 in low-pressure 
hydrogen and on AISI 4340 in high-pressure hydrogen is poor. The pressure expon- 
ents in the equations of 0.076 for AISI 4340 and 0.2 for AISI 4130 steel are 

not particularly close, and the values obtained were significantly higher for 

AISI 4130 than for AISI 4340. In general, further investigations are needed to 
determine the influence of hydrogen pressure on crack arrest for low-alloy steels 
in hydrogen. 

Inconel 718 


Crack arrest measurements were performed on Inconel 718 WOL and TDCB specimens in 
the F heat treatment condition, and the test results are tabulated in Table 18. 

Kpjj is plotted versus P H in Fig. 46 and versus square root of P^ in Fig. 47. 

There was very good correlation of test results between the WOL and TDCB specimens. 

The results indicate that at lower hydrogen pressures, below approximately 20.7 
MN/m 2 (3000 psi), is a function of pressure, but tv higher pressures it is 
independent of pressure. At the lower pressures, is approximately proportional 
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Figure 46. Stress Intensity at Crack Arrest for Inconel 718 at Ambient Temperature as a Function of 
Hydrogen Pressure 










to P 


H 2 


0.43 


The exponent Is sufficiently closa to 0.5 to suggest that may be 


proportional to the square root of pressure and a plot of versus /PJJ - (Fig, 47) 
shows a reasonable straight-line relationship, 2 


The sustained- load crack growth rates preceeding crack arrest are plotted in Fig. 
48. Crack propagation preceeding crack arrest Is about 2 orders of magnitude 
slower in Inconel 718 than in AISI 4340. The tests were terminated when there 
was no measureabie load decline during a 1- to 2-day period. The rate of crack 
extension did not appear to be uniform with time, and the lack of apparent crack 
growth over a 1* to 2-day period did not necessarily mean that a crack arrest had 
occurred. In fact, it is not likely that true crack arrest was obtained at the 
lower pressures, although crack arrest may have been closely approached. 

It is evident that the rate of crack growth decreases less rapidly with decreasing 
stress intensity at the lower hydrogen pressures than at the higher hydrogen pres- 
sures. The data for the lower pressures extrapolates to 42 MN/m 2 Sm (38 ksi /InT) 
stress intensity at a crack growth rate of about 7 x 10* 11 m/s (1 x 10’ 6 in./ 
hour) . 


There are two suggested interpretations of the results on Inconel 718. One is 
that crack arrest was not obtained at hydrogen pressures less than 21 MN/m 2 (3000 
psi) and that the relationship in this region is fortuitous. On this assump- 
tion, true crack arrest was obtained only at hydrogen pressures above 21 MN/m 2 
(3000 psi), and is independent of hydrogen pressure as predicted if the em- 
brittlement is purely a surface effect and thus depends only on adsorption. 

A second interpretation is that crack arrest was achieved at the lower pressures, 
and the stress intensity at crack arrest is proportional to the square root of 
hydrogen pressure at these pressures because it is a function of the amount of 
hydrogen in solution in the surface layers, and this is equal to the solubility 

2 

under equilibrium conditions. The lack of a hydrogen pressure effect above 21 MN/m 

(3000 psi) would have to be explained on the basis that increasing the hydrogen in 

solution above a certain limit (the equilibrium solubility of hydrogen in Inconel 

2 

718 in contact with 21 MN/m (3000 psi) hydrogen at ambient temperature) does not 
further decrease (increase embrittlement). 
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The determination of the relationship between the stress intensity at creek arrest 
end pressure for Inconel 718 in the F heat treatment condition would require addi- 
tional, longer-time testing at the lower pressures. The determination of this 
relationship for nickel-base materials could be more easily achieved by testing 
a material in which crack growth rates are more rapid, and crack arrest would be 
more rapidly obtained. Examples of such materials would be electroformed nickel 
or Inconel 718 in the A heat treatment condition. 
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DISCUSSION AND SUMMARY 


To correlate the result* of the eight different phases, the results will be sum- 
marized, for the most part, by material. 

INCONEL 718 

The degree of hydrogen-environment embrittlement of Inconel 718, as measured by 
reduction of notch tensile strength at ambient temperature in 34.5 MN/m 2 (5000 psi) 
hydrogen, was found to be a function of both forming operation and heat treatment. 

The least hydrogen embrittlement, i.e., the highest N H2 /NHe ratio occurred with 
the plate in the A and B (Table S) heat treatment conditions. The corresponding 
microstructure was one which was fine grained, with NijCb being very dispersed. 

On the other hand, the greatest embrittlement resulted from the A heat treatment 
on the rolled bar and forging. The corresponding most embrittled microstructure 
was one which was coarse grained and contained an almost continuous network of 
Ni 3 Cb. For all three forms (rolled bar, forging, and plate), the C heat treatment 
gave the most consistent results and the highest notch strength in helium and 
hydrogen. The C heat treatment consisted of a 132S K (1925 F) anneal and 1033 to 
922 K (1400 to 1200 F) age. The high-temperature anneal placed the Ni 3 Cb into 
solution, but also increased the grain size. Removal of the Ni 3 Cb phase de- 
creased embrittlement of the relatively large-grained rolled bar and forging ma- 
terials, but the increase of grain size increased embrittlement of the fine- 
grained plate although the NijCb phase was eliminated. 

Heat treatment E, designed to place the NijCb into solution but avoid grain 
growth, resulted in the same degree of embrittlement as the C heat treatment. 

Grain growth was minimized by the B heat treatment, but complete solution of 
NijCb occurred only in the rolled bar and not in the forging and plate. The re- 
sults indicated that a very fine grain size, ASTM 10, is neede to significantly 
improve the resistance to hydrogen-environment embrittlement of Inconel 718. 
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With respect to hydrogen-environment embrittlement of the welded Inconel 718 
specimens, the wold metal with C heat treatment was tha moat aavaraly embrittled 
condition. As with tha parant metal, tha notch strangth in helium of both tha 
weld matal and heat-affactad zone was highar with tha C haat treatment than with 
the othar two heat treatments. However, tha degree of hydrogen- environment 
embrittlement of the weld matal was large enough tv the C heat treatment that 
the notch strength in hydrogen was somewhat lower with that heat treatment than 
with the A heat treatment. Therefore, tha fine dendritic weld structure of the A 
condition was less embrittled by the hydrogen environments than the equiaxed re- 
crystal li ted structure of the C heat treatment. 


For the parent metal and weld metal, the B overaging haat treatment did not signif- 
icantly change embrittlement from that for the A heat treatment. This lack of 
sensitivity of embrittlement to ovaraging indicates that the degree of hydrogen- 
environment embrittlement is not strongly influenced by the age-hardanlng precip- 
itate siie, morphology, or coherency. 

There are three distinct fracture stages during the testing in hydrogen of non- 
precracked specimens of embrittled materials! crack initiation, subcritical 
crack growth, and ductile fast rupture. Crack initiation occurs at the surface 
after a critical amount of the plastic deformation. The strain at crack initiation 
was measured in a company-sponsored program on unnotched Inconel 718 specimens 
exposed to 48.2 MN/m 2 (7000 psi) hydrogen. The stain-to-crack initiation was the 
same (about 3 percent) for the specimens in the A and C heat treatment conditions, 
indicating that the degree of embrittlement was a function of subcritical crack 
growth rate rather than the strain at crack initiation. 

The influence of hydrogen on the sustained-load, subcritical crack growth (K^) 
of Inconel 718 was determined. The results showed a considerably lower critical 
stress intensity for hydrogen-environment Induced crack growth for specimens 
in the A condition than in the C condition. The rolled bar in the A condition 
tested in 34.5 MN/m 2 (5000 psi) hydrogen had the lowest value, 14 MN/m /m 
(13 ksi /InT), of all the materials that were tested. Hydrogen -induced crack 
growth was intergranular in the C condition and predominantly transgranular in the 
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A condition. The flat transgranular cleavage of the A condition contained a 
higher-then- average columbium concentration, indicating the presence of NijCb, 
Thus, hydrogen- induced crack extension evidently occurred more readily through 
the NijCb phase, when present, then intergranularly. If this is true, the sub- 
critical crack growth rate in the A heat treatment condition would be determined 
by the continuity of the Ni^Cb phase. Thus, the fine-grained plate with dispersed 
NljCb was less embrittled than the coarse-grained bar and forging with relatively 
continuous Ni^Cb. 

ICj^ for subcritical sustained -load crack growth in Inconel 718 in the F heat 
treatment condition was found to be approximately proportional to the square root 
of hydrogen pressure at pressures less than 21 MN/m 2 (3000 psi) and independent of 
hydrogen pressure at pressures greater than 21 MN/m 2 (3000 psi). was appar- 
ently independent of temperature between ambient temperature and 200 K (-100 F) . 

at 144 K (-200 F) was apparently not reduced by the 34.5 MN/m 2 (5000 psi) 
hydrogen environment when in the C heat treatment condition. There was, however, 
a small decrease of for Inconel 718 in the A heat treatment condition when 
exposed to 34.5 MN/m 2 (5000 psi) hydrogen at 144 K (-200 F) . 

The cyclic crack growth rate in Inconel 718 also increased with increasing hydro- 
gen pressure. The crack growth rate for AK around K IC ^~110 MN/m 2 /m (100 ksi 
/In.) j was about the same in hydrogen as in helium. Decreasing the cyclic fre- 
quency from 1.0 cycle/sec to 0.1 cycle/sec considerably increased the cyclic crack 
growth rate at 0.69 MN/m 2 (10 psi) and at 68.9 MN/m 2 (10,000 psi) hydrogen pres- 
sures. A series of measurements performed between 1.0 cycle/sec and 0.1 cycle/ 
sec showed that the crack growth rate increased as a complex function of the time 
per cycle. 

The suggestion (Ref. 25 through 27) that cyclic crack growth in an agressive en- 
vironment is equal to the sum of the sustained -load crack growth in the agressive 
environment and the inert environment cyclic crack growth does not appear to hold 
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true for Inconel 718 in hydrogen. The cyclic creek growth rete for Inconel 718 
in hydrogen wee slower then the *um of cyclic creek growth rete in holium end sus- 
teined-loed creek growth rete in hydrogen et high AK level*, The oppoeite occurred 
et the low AK level* where the hydrogen environment* increased the cyclic crack 
growth rete* et stress intensities below K^. 

It has been observed frequently that there is a delay before sustained load crack 
extension occurs when loaded immediately after cyclic loading in hydrogen. Thus, 
the lack of significant increase of cyclic crack growth rate as the cycling rate 
decreased from 1.0 to 0.25 cycles/sec may be the result of this delay. It was 
shown that fracture of the Inconel 718 specimens was intergranular when tested 
under sustained load in hydrogen. It is likely that cyclic crack growth in hydrogen 
is transgranular and the delay between cyclic and sustained-load crack growth may 
be the transfer from transgranular to Intergranular crack growth. 

Cyclic crack growth measurements also were performed on Inconel 718 at 200 K 
(-100 F) in £4,5 MN/m 2 (5000 psi) hydrogen, and the rates were about the same 
as obtained in 34.5 MN/m 2 (5000 psi) helium at ambient temperature. 

ASTM A-S33-B 

ASTM A-533-B is embrittled by hydrogen as shown by the formation of surface cracks, 
reduction of notched tensile strength, sustained-load crack growth, and increased 
rate of cyclic crack growth when tested in high-pressure hydrogen environments. 

The reduction of tensile properties in 103.4 MN/m 2 (15,000 psi) hydrogen was simi- 
lar to the reduction of tensile properties obtained previously (Ref. 27) in 68.9 
MN/m 2 (10,000 psi) hydrogen on a different heat of material. In the earlier pro- 
gram, it was shown that ASTM A-S33-B was severely embrittled by high-pressure 
hydrogen environments. 

Fracture mechanics tests were performed on 0.0254 m (1.0 inch) thick specimens. 

This thickness was found insufficient to meet ASTM plane strain fracture toughness 
requirements for the K JC and values obtained. The Kq values obtained during 


th# fracture toughness test* In 103 MN/m 2 (15,000 psi) hydrogen were significantly 
less than tha value* obtained in helium, and it appear* that sustained- load crack 
growth did initiate in hydrogen at about 80 MN/m 2 *dn (73 ksi /Tn7) stress intensity. 

The sustained-load crack growth during the meaiurament* in hydrogen was 
limited to the inner region of the specimens, but was appreciable In that region 
despite the restraint of the edge* at which the cracks did not propagate. Thus, 
it would appear that sustained* load crack growth occurs in ASTM A-S33-B in hy- 
drogen only under plane strain conditions, 

2 

Cyclic crack growth rates were considerably accelerated by 103.4 MN/m (15,000 psi) 
hydrogen over the entire stress intensity range for which testing was performed. 

The tensile and fracture toughness measurements on ASTM A-533-B Indicate that the 
degree of embrittlement is determined largely by crack blunting. Under plane 
strain conditions, crack blunting is prevented, and sustained* load crack growth 
extended until it was held up by the lack of crack extension at the edges. Cyclic 
loading continually resharpened the crack, and the resulting cyclic crack growth 
rate was 20 times faster in hydrogen than in helium. Therefore, both cyclic and 
sustained -load crack growth must be considered carefully in the design of thick- 
wall hydrogen pressure vessels constructed of ASTM A-S33-B steel. The minimum 

2 

stress intensity for hydrogen-accelerated cyclic crack growth is below 11 MN/m 
/in (10 ksi /in.) . Th* minimum stress intensity for hydrogen- induced, sustained 
load crack growth was unfortunately not measured because of the lack of crack ex- 
tension along the edges of the specimens. 

HY100 

The cyclic-load crack growth measurements on HY100 showed that high-pressure hydro- 
gen appreciably increased the cyclic crack growth rate. The increase in rate in 
hydrogen occurred over th* entire stress intensity range of the measurements in 
51.7 MN/m (7S00 psi) hydrogen, and the crack growth rates were very similar to 
those obtained in 103.4 MN/m 2 (15,000-psi hydrogen) on ASTM A-533-B. 


133 


The influence of hydrogen on the cyclic crack growth rate increased with increas- 
ing hydrogen pressure, but was significant even at 1-atmosphere pressure. 

The influence of hydrogen on HY100 has been investigated to a considerably smaller 
extent than it has for ASTM A-533-B. Both are pressure vessel steels and have 
similar mechanical properties. The data obtained in this program indicate that 
hydrogen -induced subcrltical crack growth in HY10Q would be similar to that in 
ASTM A-S33-B. Thus, the plane strain conditions presont in thick-wall pressure 
vessels would likely prevent crack blunting during hydrogen- induced sustained 
load crack growth. Therefore, both cyclic and sustained load crack growth 
must be carefully considered in the design of thick-wall hydrogen pressure vessels 
constructed of HY100 steel. 

INCONEL 625 

The ductility of unnotched Inconel 625 specimens was considerably reduced, and 
the strength and ductility of notched specimens was moderately reduced m 34.5 
MN/m 2 (5000 psi) hydrogen compared to 34.5 MN/m 2 (5000 psi) helium at room temp- 
erature, Even the ultimate strength of unnotched specimens was somewhat reduced 
in hydrogen at room temperature. The unnotched specimens tested in hydrogen con- 
tained surface cracks in the necked-down region which were rather large and deep. 
The effect of 34.5 MN/m (5000 psi) hydrogen on the tensile properties of Inconel 
625 at 144 K (-200 F) was insignificant, and no surface cracking was observed at 
that temperature. 

The threshold stress intensity (K^) measurements in high-pressure hydrogen were 
affected by branching or blunting at the crack tip. At ambient temperature, 
hydrogen-induced* sustained-load crack growth was followed by blunting with each 
load increment. At 144 K (-200 F), crack arrest occurred in hydrogen and helium 
at stress Intensities which appeared to be a function of the maximum load only 
rather than an intrinsic value. Thus, crack blunting also appeared to have a 
dominant effect on crack estension during the 144 K (-200 F) tests. There was no 
sustained- load crack extension in helium at ambient temperature. Crack extension 
in helium at 144 K (-200 F) was about the same as in hydrogen. 
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Crack branching was probably an important factor determining tha tensile as well 
as fracture toughness properties of Inconel 625 in hydrogen. The fact that there 
were several fairly large surface cracks formed on the unnotched specimens is an 
indication of crack branching. Crack branching in tensile specimens can cause 
the crack to change direction toward the tensile axis, reduce the stress at the 
crack tip, cause the crack to cease propagating, and give other surface cracks 
an opportunity to form. 

AISI 321 STAINLESS STEEL 

2 

The ductility of AISI 321 stainless steel was reduced in 34.5 MN/m (5000 psi) 
hydrogen at ambient temperature and 144 K (-200 F). The reduction of ductility 
correlated with the nature of the surface cracks formed. At ambient temperature, 
the cracks were shallow and blunt. At 144 K (-200 F), the cracks were considerably 
sharper and deeper than at ambient temperature, and there was a corresponding 
greater embrittlement at 144 K (-200 F) than at ambient temperature. Hydrogen- 
induced surface cracking in the metastable austenitic stainless steels has been 
attributed (Ref. 4 and 5) to reaction of hydrogen with strain- induced martensite. 

The results of the lC^ experiments were similar to those for Inconel 625. When 
specimens were loaded in 34.5 MN/m 2 (5000 psi) hydrogen at ambient temperature and 
144 K (-200 F), crack growth followed by blunting and arrest occurred at each load 
increment, and the crack arrest stress intensity was higher after each load 
increment . 

A- 286 STAINLESS STEEL 

Tensile tests were conducted on A-286 stainless steel in 68.9 MN/m (10,000 psi) 
hydrogen, at ambient temperature in a previous program (Ref. 4), and the data 
showed a slight (-2-1/2 percent) reduction of notched strength and no reduction 
of notched or unnotched specimen ductility. 

The results of measurements on A-286 WOL specimens therefore were somewhat 
surprising because of hydrogen- enhanced, sustained-load crack growth et ambient 
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temperature. The crack growth rata was quit# slow in comparison with the othar 
natal s tastad, and thara was no indication of crack blunting. in hydrogen was 
not established but it was below 113 MN/m 2 \ZnT (103 ksi>/iiT, ). A-286 stainless 

steel had the highest fracture toughness of any material tested, and all of the 
crack extension occurred above the materials yield strength, Since crack arrest 
was not obtained, it was not ascertained Whether (1) gross yielding is necessary 
for hydrogen-environment -induced crack growth in this material, and (2) hydrogen- 
induced crack extension will occur in plane strain as well as mixed mode fracture. 

There was almost no measureable crack extension in the specimens tested in hydro- 
gen and helium environments at 144 K (-200 F) although the specimens were loaded 
to a 3 tress intensity of approximately 198 MN/m 2 >/tir (180 ksi^in. ). 

Ti-5 Al-2.5 Sn ELI 

Tensile tests conducted in a previous program (Ref. 4), on Ti-S A1-2.S Sn ELI 
showed that 68.9 MN/m 2 (10,000 psi) hydrogen reduced the notched tensile strength 
20 percent at ambient temperature. Tensile tests conducted in the current pro- 
gram at 144 K (-200 F) in 34. S MN/m 2 (5000 psi) hydrogen showed that there was no 
reduction of tensile properties and no surface cracks were observed. 

Sustained load crack growth without crack branching or blunting occurred in 
Ti-S Al-2.5 Sn ELI WOL specimens tested in 34.5 MN/m 2 (5000 psi) helium and hy- 
drogen environments at ambient and 144 K (-200 F). The ambient-temperature, 

values were 69 MN/m 2 Vm (63 ksi>/in.) in helium, and 34 MN/m 2 \ZnT (31 ksi>/in.) 
in hydrogen. The average stress intensity at 144 K (-200 F) was 60 MN/m 2 \/rr 
(55 ksiVTn.) in helium, and 56 MN/m 2 (S3 ksi>/In.) in hydrogen. There was, 
therefore, a considerable hydrogen environmental reduction of at ambient 
temperature but there does not appear to be a hydrogen environmental influence on 
at 144 K (-200 F). 
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2219-T87 ALUMINUM ALLOY 


The tensile properties of 2219-T87 aluminum alloy have not been measured in high- 
pressure hydrogen. In a previous program (Ref. 4), it was shown that 1100-0 
aluminum, and 7075 T-73 and 6061 T-6 aluminum alloys were negligibly embrittled 
when tensile tested in 68.9 MN/m 2 (10,000 psi) hydrogen at ambient temperature. 
Thus, very little, if any, reduction of tensile properties of 2219-T87 aluminum 
would be expected from exposure to high-pressure hydrogen. 

Quantitative fracture mechanics data were obtained on 2219-T87 aluminum alloy at 
ambient, and at 144 K (-100 F). The stress intensity values at crack arrest were 
about the same in both helium and hydrogen environments and, on an average, equal 
to K_ r in helium regardless of environment. That is, the average was about 
33 MN/m >/m (30 ksiyin.) at ambient temperature, and about 41 MN/m ym (37 ksi 
rfn.) at 144 K (-200 F) in both 34. S MN/m 2 (S000 psi) hydrogen and 34.5 MN/m 2 
(5000 psi) helium. 

OFHC COPPER 

The tensile and fracture toughness properties of OFHC copper were unaffected by 
2 

34. S MN/m (S000 psi) hydrogen at ambient and 144 K (-200 F). Arm bending rather 
than crack growth occurred during the ambient-temperature fracture toughness tests. 
There was, however, a small amount of crack growth accompanying considerable 
plastic deformation during the 144 K (-200 F) fracture mechanics measurements. 

No ICpu values were obtained on OFHC copper. 

ACOUSTIC EMISSION MONITORING OF CRACK GROWTH 

Crack growth rates in some of the K^ tests were monitored using acoustic emission 
circuitry designed and developed at Rocketdyne. The gross correlation obtained be- 
tween crack growth rates monitored by acoustic emission and by reduction in 
applied load was satisfactory despite instrumentation problems. Discontinuous 
crack growth was indicated acoustically in Ti-5 A1-2.S Sn ELI, A-286 stainless 
steel, and 2219-T87 aluminum. The results obtained for A-286 alloy were especi- 
ally detailed and interesting. 
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MECHANISM OF HYDROGEN-ENVIRONMENT EMBRITTLEMENT 


A series of crack arrest (K^) measurement* were performed on AISI 4340 and 
Inconel 718 to clarify the mechanism of hydrogen- environment embrittlement. Crack 
arrest measurements have the advantage of being independent of rate processes and 
thus are indicative of the actual embrittlement process. The results of the mea- 
surements on AISI 4340 indicated that the stress intensities at crack arrest were 
proportional to (P^ )®*^ 6 f or hydrogen pressures between 0.034 MN/m 2 (5 psia) and 
34.5 MN/m 2 (5000 ps ?). The Inconel 718 results showed that was approximately 
proportional to the square root of hydrogen pressure for pressures between 3.4 MN/m 2 
(500 psi) and 21 MN/m 2 (3000 psi), and was independent of hydrogen pressure for 
pressures from 21 MN/m 2 (3000 psi) to 72.4 MN/m 2 (10,500 psi). The crack growth 
rate of both metals decreased less rapidly with decreasing stress Intensity at the 
lower hydrogen pressures than at the higher hydrogen pressures. It appeared from 
extrapolation of the crack growth rate data that the stress intensity at crack 
arrest may be independent of hydrogen pressure for both alloys. 

If hydrogen-environment embrittlement were determined by the reduction of strain 
energy resulting from hydrogen adsorption at the crack tip, would be predicted 
to be independent of hydrogen pressure. This is because the concentration of chem- 
isorbed hydrogen is essentially independent of hydrogen pressure for both metals 
over the pressure range of these measurements. On the other hand, if embrittle- 
ment were due to hydrogen absorbed into the metal, would be predicted to be 

a function of hydrogen solubility, which is a function of the square root of hydro- 
gen pressure. The small effect of hydrogen pressure on of both alloys indi- 
cates that hydrogen-environment embrittlement results from a hydrogen adsorption 
dependency mechanism. 
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APPENDIX A 


MEASUREMENT UNITS AND CONVERSION TO INTERNATIONAL SYSTEM OF UNITS (SI) 


The following are the units and conversions used for obtaining and reporting the 
data. 


Quantity ; 

Units in Which 
Measurements Made 

SI Base Units 

SI Symbol 

To Convert to SI 
Units From Units 
in Which Measure- 
ments Wore Made, 
multiply by 

Temperature 

degree Fahrenheit 

degree Kelvin 

®K 

e „ °F + 459.67 

K “ “T* 

Length 

inch 

meter 

m 

2.54 x 10~ 2 

Force 

pound 

newton 

N 

4.4482 

Pressure 

psi 

m m 

N/m 2 

6.8948 x 10 3 

Stress Intensity 

ksi /In. 

m m 

N/m 2 v5n 

1.09885 x 10 6 

Velocity 

in. /min 


m/s 

4.23 x 10" 4 



SI PREFIXES USED 


Multiplication 

Factor 

Prefix 

SI Symbol 

10 6 


mega 

M 

10 3 


kilo 

k 

10“ 3 


milli 

m 

yO 

i 

O 

H 


micro 

y 

10" 9 


nano 

n 


A-l/A-2 










TABLE B-l. TENSILE PROPERTIES OF INCONEL 625 IN VARIOUS ENVIRONMENTS 
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TABLE B-2. TENSILE PROPERTIES OF AISI TYPE 321 STAINLESS STEEL 

IN VARIOUS ENVIRONMENTS 
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TABLE B-3. TENSILE PROPERTIES OF Ti-SAl-2.SSn ELI IN VARIOUS ENVI 
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TABLE B-4. TENSILE PROPERTIES OF OFHC COPPER IN VARIOUS ENVIRONMENTS 
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APPENDIX C 


PHASE IV DATA TABULATIONS 

The following tables contain the data for the individual testa performed under 
Phase IV, Variation of Hydrogen- Environment Embrittlement With Material Condition 
For Inconel 718. 


TABLE C-l. ROOM TEMPERATURE TENSILE PROPERTIES OF INCONEL 718 
SPECIMENS FABRICATED FRGH THE ROLLED BAR SUPPLIED BY ALLVAK 
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TABLE C-2. ROOM TEMPERATURE TENSILE PROPERTIE OF INCONEL 718 
SPECIMENS FABRICATED FROM THE FORGING SUPPLIED BY 
CARLTON FORGE, MILL SUPPLIER: SPECIAL METALS 
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TABLE C-S. ROOM TEMPERATURE TENSILE PROPERTIES OF WELDED SPECIMENS OF 
INCONEL 718 IN THE B HEAT TREATMENT CONDITION 
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TABLE C-8, ROOM TEMPERATURE TENSILE PROPERTIES OF NOTCHED INCONEL 718 
SPECIMENS FABRICATED FROM ROLLED BAR SOLUTION ANNEALED AT 
1297 K (1875 F) , 600 SECONDS (D HEAT TREATMENT) AND 
TESTED IN 34.5 MN/m 2 (5000 pai) HYDROGEN AND 
HELIUM ENVIRONMENTS 


Specimen 

Environment 

Strength 

Ductility 

Notch 

Strength 

Strength 

Ratio, 

H 2 /He 

No. 

Stress 

Concentration 

Factor 

Reduction 
of Area, 
percent 

MN/m2 

ksi 

1 ' 

8.7 

Helium 

1130 

164 

*■ m 

13.8 


8.9 

Helium 

1120 

162 

-- 

13.4 

ElBf 

8.7 

Hydrogen 

920 

133 

0.82 

9.0 

IR-2 

8.7 

Hydrogen 

930 

135 

0.83 

9.6 

IR-3 

8.7 

Hydrogen 

960 

139 

0.85 

8.3 
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